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PREFACE TO FART- II. 


Thk socoiit] piirt i)f tins ti'LSitis.«\ h.is Keen rompilLMl for tlir iisn of 

the full course (if jiisLni(‘t ion at 
tlio Sitliool of AIilitniy Eii«;iucfriii'; k 
^ lii tlio foi’iiicr [».iTt of tiicj f jviit isc, iiiiioiig olluM* siilijccts, the 
cdjrnifhn'jitioii of iiitliKMiccs liron^ht. to l)c;ir mi siij)[)ot'toii lioaiiis timl 
cjiiitflowis has .1)0011 ooiisi<ltiiv( 1 . In thi’s^tlio inoi'o complioiifod 
(|uostioiis of fi.\o(l and ooiitiniions Iknuiin, and tlio. utloot of roilin<ir 
loads ans dirsl invosli^alod, .iftor \s hioh the applio.ition of all iho 
foi'o^oiii^ ])rinoi|)lo.s to ditloronl tvi>os of hiith^o^ is disoiissod and 
o\oin{)litiod. 

In addiLioii to lii-id** 0 '', f-lio sulijoots of rot. lining walls, rosoi'vbir 
daiii.s and .s^sa dofoiio(..s aro doalt willi. 'Fliis oouiph^tos llio list of 
those piohlojiis in si riiut nr.d onginoiM ini; whioh, a.s .i iido, on;;iiiooi's 
of till* ainiy of (iK.it ilritain may l).i\o to solve. 

\o apoloy; iiood 1)0 ollbioil for dovotin*; .i ooiisidorahli' [xatimi ol 
this work to (ho is'oiisttiu'tioii of lind;;os, tor it will ho iiiii\oi>all,v 
.Kliiiitlod t(i ho. of spocial imjxiitaiioi: to oii.uiiioois of iho llriti.'^h 
4ynif. 

• It may ho horo pointed out that tho hrirl^os which Kni;lisli 
military onginoors ha\o to construct aio nut Iho.so which, as a ndo, 
civil oiiginooi's havo to ooiisidor. Tlioy .iro rather of a liglit or 
hoiiii-ponrianoiit cliaractor, <as compared with tho railwav hridges 
iisiitilly roipiirod in civil life ; hut althougii tho iriatorials arc ditrorent, 
tho same principles .iro involv'ed. Siiioo it is rai'c that procodeiits 
call be followed, it is iiiipciat ive that it tho host wtirk is to be done ^ 
under any given oiycumstaiices, the onginoois shonlii know all the 



IV. 


• varictioB of principle so as to seleet the licst type for use in a $ri\tn» 
c-ase. ^ 

* - * 

Aiinonp; rocent campaigns that of Chitral, wliere irtwirl}' every 
ronceiviil)le type%>f hi id^o was ronstriicti'd, rUTonls eviileiire of the 
truth tljat thow>n;:rh*elIicicney in thi'^ hranrh of engineering can only 
he obtained liy an extini.six^e knowIiMlixt^ «)f principles. 

»'rho cxainjilcs f>f hrid^c*- in this work are taken a> far as pos.sililc 
from those designed and 1>iiilt hy Hoyal Hn^incer olliciU's. It is not 
intended that lhe.se hridges-are necessarily the he^t ilhisLiat ions cjf 
y the prineiples invol\ed, ))nt at least tliey sliow liow the piineiple in 
((uestion eair he, and has liemi, siieeessliiit « a]>])]ied. Thus the 

lliirroo hrfdjL^c illnst!at<»s the priiit ipje of tins stii.^led hc.nn, the 
llarra hiid^e that of the Im)* '- string ^ii’der, tlic Waii^tii hiiil<j;e that 
of the cantileviU' and tin* llowo trii<s, Sir JoJm Arda^li's hrid^i;e tlpit 
of the has<‘u]e t3[a'i Majfir ISate/s portable britl^e the hiMeed 
girder with parallel fbin^os, the Jninn i. bridge* the Kiispeiision 
principle. It is true that tin* example of the Fj-il)oiir^ snsj)en'ion 
bridge is an c\c(‘p1ion to the ^eneial rub*, 1>nt that ce]el>rated 
strueluiv. was constrinded under eonditions so sliHuip;!^ resembling 
tliose under \\bi<*h all lh\val Knjiineer otlieei s mi 54 .hi orilinarilv’ ha\ e 
lo'^^ork, that it has been taken as an ex.imple 

AUhoiiuli it is not pos'^iblc li> do mneli more in a work i>f this sort 
than merely eonipile inforni.ition tiom e\istin>; pnbbeations \ et 
there are a few points Avbicli .ire here piibbslieo t«>r the first time, 
■Old are little known to Kn^lisli «*n^^iin*ers. For in'-biina*, in tlic 
first chapter is ^i\en a seiii*'^ of ••r.ajilne sobitii*ns of piob1em.s of 
fixed beams e\ohed by Major J. It L. Macdoii.iltl, Jt.F. In 
another chapter is s^i\eii Colonel IVnn^ciiick's oi'i^iiial and iiitcj> 
estiii^ \iews on iiiasoniy dams. Flsewliere in the book there, are 
sever.il new applications <»f old methods. Eveiy wheie’endeavoiir 
has been m.ide to sidistitiite graphic for |)nrcly inatheinatical 
investigation. 

As in the former pai t of the treatise, so in this, mallieiiiatieal 
proofs are given as far as possible in appendices to the chapter 
dealing with the siilijec-f concerned, ll has nt»t been possible to 
give such proofs in e\cry cum*, lMmc\ei, because this would have 



.iu\olvi'it, ill .some iiihtjince.N a p;reater space tluin could Le afl’ordoci :• 
nor lia;« it ah\ays been possilde to rele^^ate. siiclf proofri to the 
‘ appendices, lua'anso to ha\e done so would have destroyed yoine- 
tiincs the point of a deinoiistralion. I>iit tlie principle has been 
adhered lo in iii.staiices. ‘ - 

Tlie assistance ^i^iven to the aiit^»f b\ the followin^i; olKci'rs is 
most *;ratefu11\ ackiiow led^ed : - ^ 

Major-ticiieral Sir J. ('. Ardai;h, K.(\lfK., ( * H.. for perin/^^sToirto 
quote his deseriplioii oi the ef|uilibi iiim bridge, ami to re}»rodiieo 
the i I fust rat ions L‘oiniect(*d with it. 

(\>loiie1 Peiili\ euick, (*.S. 1 , It for I'xaininiie^ tin* idi.LpUa* dealing 
with iiiasuM'x d.niis, ; • * 

Ma jor 11. ] ). IiO\«», If.M, lor pei iiii^sidh to ipiote I’rt^in articles 

written li\' him on the*elasjic curve ol loadc'd he.inis. 

(^ijitiiin J. I. ('.M,(J., k K., foi h.i\in^ eaiefiifly n visetl 

the MSS.j^aml fui iiiaiii \ahiahh* su^^^c^stions, cstieciidly in 
connection with hrid^^c? desi^mi. • 

C'aptain and Jlrevc/ M.ijoi J. U L. M.udon.ild, K K, lor a paper 
contciiniu^ «ii\ csfie<it lolls on th(‘ siihj(>ct of fi\cd «iiul cont.inuoiis 
hciiiiis, allndc‘d to iibo\ c 

Captain K. M IViiil, li H., foi 1ia\ 111 , 1 : .i:ivcn nim*h assistance^ in 
llie coirectioii ainl exainin.it ion ol tin- ti;\t. 

'riie followiiii: liooks Imxc been coiisidfcd • 

t icnei .(I Wi.n, KK. SttHtr . I /tfiht utum ' nf Th* in if A fht 

l*ithhi'{' nj ijmt I'lii’/fon , 

Prolc.ssoi li'aiik^ics Utrt^ Htnfntt ,'t'inif 

M .. Mitlmnn « • 

m l*rofessor (’oticrells Mrrf/iiiiti '• 

I*rofess(ir l)e baii/a s ^ 

I'lofessTir .JoliiiMiii, ’'J’liriie.niic and Itrian's Thun tf tmti 
•tfrt n Fm ntt'ti Sti iii't tn i'> • 

Ih-ofcssor Wfiircn's Fn /tnn 1 tmf ^ 'nn'-tniriintt in Inm, Ffirt mu/ 

Ttut/in. 

Profes.sor Claxloii Fnlloi’s //rif/f/r f\/H</itu/iwi. 

Hi c )f c.s.*»i »r 1 la kci s .1 / u '*ttn i‘tf i ^un ■«// nr/itHi . 

Mr. Anglins nj 
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Mr. I’atfeoii’s CinU Kiufhit'friiitf. • • 

Mr. FitzMiiiiVicii’s Vhtlt* (ihtffr Z#/ //////''. 

^^r. St«veiis()ii''n 

Mr. Sliiuld’h JLithutu' (JoH.sfrurtton. 

Mr. 'I’jinrs uf A rrhii fr in re. * 

Messrs. TudslM'ry Tiiriuji- W*. Ill i«liT.inorc*’.s I'linri^tlrf^ nj irulerif ntks 
fj^tt/hirei hiij. * 

M. VasiMl's Tnute ///*> J^tmts A/ffn/l/ffitcs. 

M. I .-title Alnnmre ///.s /*oii/s et f iitni>sn<. 

The Itutiihee Trenh'it oj (Uul Kiitjineei uitj. 

Tlic Pockoi ISonk.s of 'J'l'iHitwiiic :ni(l Mole.'- worth. 

I'nieretiuifj^ ttf the J iistifulhm uj fV. 7 hJiitfitieer*<. 

It hi. Putfes.'ittiHiil /7". 

*'l1us piililiciition of tliu pl.iU'.s illiistrAbiu^ tlio Ilnrroo, niul 

Wiiii^tu V)rid”4*.s is siiuctioiied l»y tlio Sisirotfiry of Stale for ItiUiii 
'riie War Otiire lias saiietioiioil the piililication of the [date illiih 
Miijdi Hate's principle of braced ^irdeiM. 

G R S ..M. 

(ilititlmiHj Ft III mt riff /»V.W 


. Ml 

V 

• O 

y 

.t 

.f 

a 

e 

c 

t 

t 

i 

I 

I 



CONTENTS. 


(.•JfAIThMi' r. 

Fixkh -\m» OiNTixrcui’s MKitis. 

• F]\C‘<1 Reams. — Deiiiiilions -]ll.ijor Mfir-.liMialirH 

phi(‘ Mc'thods cif Sfjliitioii. - \’ 4 ii uuis i\ise> 4 . (.%iiitiiiiiciiis 4 ic*Aii]* 4 . 
Afl\iintuges and I)iH.id\.‘iiit<igeK. -Tlie<iri*in iif 'I'lireo Mimients. 
(■raph^' iSoliitifnis.- Mr. iMaxIon FhHit'k Metlmd — 
ilices 

<'HAK;rKi; II. 

• • 

KhFIOT <II-' Lti\lW IIN 

( *iiii\eii1 iiJiiiil ^letlinds iif ('oiiMidei iiig iKii.iiuit Kllect.- 

ITnit LimicIs ill Kiiglish Iviiiluays. -StatK Ktlorts in Vai khin 
< ’aws, - - lOvaiiipli'M. LatiM'AI ( Viilnfiiu.il Fiim**^. \\ mil 

* PifSKiirc*. Imp.iri III l{nlliii!JC l••<»Hds. .\p]i(‘ndi\ * 

• ril.VFTFI! III. 

* I'LATK lilKlMUs III 

Metlmd ut < *oii,strii«‘tiuii anil Cal«*iilfit ion M.irket Siki*^ of lion ami 
Steel.- IVai'lieal T'oii^ideratiojiH of Depth, Width, eti. -Steps 
to he taken mi I >es^ii. ( ii tiphu Melliods. riieoietn.d ( >hjee- 
tions DiseiiHsefl. -Kxainple. VaiimiH Form '.of Rrnlvre Floors 
i\]ipeiidi\ 

• CM VPTFR I\ 

'l^l S<| II \Mi STICfTTI'll Rl \Ms 

'I’hi* Di'^ign of Slinph* Rraeed Stun tiiiv<.- - Deforniat ion .md IiimIiiii- 
ilanV Ruts - 'riiiingiiliir 'I 'i iisse I Ream - Ti ll‘*•'.^■d Rc*h!ii with two 
Stints. Kflei't Rl.ieilig .iiicl ( 'oiiiiter- Rl tii'iii'i Stliltteii 

Reams. Deflection in Rriieed Strin'lnie.-. Ceinn’.il Rem:iiks on 
'rrussed Reams.- Aiipinidix 

m 4 '\\ VFI'KI: \ 

Ri:\cm> fjiicincKs’ with I*\i: \ij.li. I* i \m:ks. 

Alteniaf i\ f* Methi>dsof Fm|Uiiy. — ftsn.i1l\ found in IViieln-e. 

* ^letliods <if In\estigatin%» Simple Method t€»i S\ nniieti ieal 
Loails. - Rules for Aseei taiiiiiig St re^’-.i'.s. .\pplieation of Rules 
to t'lintih'viTs — Fi\«m 1 and < *oni iiiuoiis Riaeed (Jiiilers. Fji- 
s\ nniietrieal and Rolling Loads.-’ (*ali'iilat ion of Stieiigth of a 
VI veil Rraci'd fonlei. Kxaiii|*If* #>f Simple Roail Rrnlge. - 
• Alajor Rater's Roi'tahle Riiilg<*» 

. (DAKrKR VI 

Rowstkim: (ImiiKHs ax'ii .Xhi'iikh Rhis. 

Keonoiiiy of Itowstring (jiiilers. — Diiifoini Loails. — Diagonal Riacitig 
neotissiiry with Kolling Loads. — Fxniiiplo of Row'sli'ing Ruflgo 
Huhject t#o 1 *assing LcNids. — Rarrii Rridge. - -llog-baek Diiilers. — 
Arched Ribs.- Bending M'lnieiits. — Relation between Kipiili- 
liriniii Polygon and St i esses at any Set lion.- -llraeed Iron 
Arches. — Appendix % 


Ai K. 


Rl 




‘to 


nr* 


I'M 



\ 111 


(•MAI*TKI! VII. 

Si ‘-I®! NvfMN ISiiini.i'^. 

foi Stn--.-. Ill ('iij’h- 

f«i rmtniiii.l-'iii'l I’o-ilK'ii ‘if M.i\miiiiii Shi-nr and l.<‘niliiijj. 
Miiiin-iit-^ llin-ilnn* itinl I’nll "H "J 

Sum lima irii.iilwji\ MHlmil^ot smli'iiiim ( iilil«‘S.--l)i-tiids ol 

/ Virfs/I f/« /Irj/f ^ 


f 7/.jLi'77:/: 

wii 


( 'flllf l|f‘\ C‘l H 

lit H 


f 'a NTfl.l \ M 
f li. Ml III If Flfi.it iiii* 


\ III. 

Mf>\ iiii.r /iiMDcf'S. 

— S\\ iii;i 


r \i:k. 


102 


l!hj 


(ii.\rrh:i^VcJ\ 

l>lMiif:L !»!•' iM> Ikon. 

X’.'iiioir* I’lcisffii K\U*i ii,il*l*\irc <'M. ( ii'iici'iil I'Vii 

.Ilf iK'siLiM. III \ fi( ifiii*^ Mfiiilifi's. l>i‘liiil<H Ilf <'iin 

.ot I lift Kill • J0;> 

( II \l*TKIt \ 

.ViK'ins vMi Domi.n 

« , ri • 

DilYifiih ifs .it If iifliiiM I ni cst iL!;i Ilf 111 I H* linil mui fit Ti'ini^. - l*.ii .ilioht 

'I'liffni I'liiifiplf fit W fflof IjIiic fit l»fs|fc,iaiif^. Sfliftllf I '‘f 
Tlifiii \ Ks.iiiiplf Aliiit iiif iitv( ])«iiii4»>^ 2l‘t 

('ll MTKi: \I * • 

lIl.TVIMNf. WlIlN 

I 'llfflMilllll \ lit till' Sllll[(‘ft. 1*1 .iitlf.il ( 'iillHifIfl .it If 111^ l*l*f lf("«siK 

II.iiil\iiii**s 'riiffiiifN SiiliM'ipif lit Mf If litif fit ; iii^ Wffl^^f 

lllffill. ( il ilplllf Ilf pi fsflil.ll lulls |fj\.llllplf f .Vp]lfllfll\ ^ 'J.'in 

CMAI'rKi: MI 

1*1 si i:\ fill; I) \ Ms 

I'l.iftif.il I'oinls III ( \iiisl I III I Kill lli.stfir\ of tlif 'Diffir^ of IIl'sm_>ii - 
Slinilll.'ll \ of till* .M.llll I'llllfiplf fit I)fsl«;ll. 'rilf __I*I fsslll f of 
‘ W.'itfr ill Tfsl. --(Ifiifi'.il XVi.ivV Mfiiiofl. - Sfi* (•iiiltfiifl 

Mfili'sMorl li'-^ I*'oi iinil.f .Mfs.»is 'rinUlifiv 'riiiiifi liimlii- 

iiinif'.s 'I'liffii ifs. Am Ill'll iKiiihs. -.XIiiil iiifih XX .ills nt .Sen n f 
li'fsf n on ,s .XppfiifliN -71- 


t’MAlTKi; Mil 

.Si \ I >1.1 IMIS, 

M.ilfii.ils -- \i t loll Ilf .Se.i-ii .itfi* oil ( 'fiiif I'ftf. --’riiiilif r. —('fist lion - 
XX’i fiit&^lit lion XX .M f Xflioii. Cl.issi'sot XXaxfs.- Koifi'.s I'm- 
iliifffi li\ XX . I M'S liilorii.'il I >fsi 1 11. t iM' Fori'i's of .Siriniipes — 
l>fs|..n Ilf Tii'is 111 Pl.in. Si'itiotiiif l’ii»is.- X'.n ioii'« .XlftlifiiLs of 
( ‘oust 1 lift ion :>(|S 



THE PRMUPLf^ OF . S'rHVmRAL 
DESIGN.: 

PART II. 
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CHAPTER t. 


FiX'KI) ANI3 CdXTINMTors HkVMS. 

* I 

l'*ixc*il lltvuiiH.- -Athanla^cH. -Muj(ii'>rat'ilt>imlcrK(«iaplik*Mrtlioi1h 
«f SSoliitiuii. — Vurif)iiH ('“aHos. - ContiiiiioiiH Ik^ain'^. Advantages and 
J)iMidvaiitages. - 'yiieore^i cit Three Moiiieiits. •(iia|ihic Solutions. 

Mr. Cliixloii Fuller H Method. /Vjipendiees. 

Whien a betlnt is supported as in /Vy. 1, and is not deflected by t^ny .Kixkii 1Sk.\\is 
loiid (III it, tlio ends AC/ HD will lie vertic'al. If ii loatl of any sort 
be placed %ii the licani, tfiu cuds will no longer bt* tertical, but will 
be inclined towards each other, as in Ft)/. 2. 
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Definition/ 


Direct stresses. 


Points of con- 
tri^-flexiirc. 


If thi3 beam be supposed to be lengthened at each end,* and 
weighted at those ends, or held down by fastenings, so that the ends 
still remain vertical, the beam is said to be fixed, and. the bending 
will take place as in Fi<j. 3, where the end parts nearest the 



fastenings ai*e in “ hoge ami the middle part in 
curvature. The circct (►£ the fixing is to make the tangent to the 
(tefiection curve at the fixing horizontal. 

If the fastening be insufficient, it is ovidenc that the end sections 
will assume an inclined j)Osition, but not so much inclined as when 
they are supported oidy. Such beams are said to be partiall}'^, or 
impcrfectlj^, fixed. It is generally customary to treat sueh beams as 
supported only, although tlierc is no doubt jJiat they arc stronger to 
resist transverse stress than sup|>orted bhams, juid, under certain 
conditions, as sti-ong, practically, as if wholly fixed. 

The direct stresses in fixed l>eanis are distributed diflercntly from 
those in su])ported beams. Jn the latter there 
is no direct stress at the points of support, the 
value of the Idf there being - 0. In the 
foi*mer the effect u)f the fastening is to pro- 
duce a ]\ foment of Flexure at the point of 
fixing, so that, as in Fiij. 4, the U})})er fibres 
are in tension and the lower in com[)ression. 

The points where the curvature changes 
from hogging to sagging are called “ points 
of cfpntra or contrary flcxnrefi or “points of 
inflexion;” at them there is no direct stress, 
t.e., the value of the Mf at those points = 0. 
We may, in fact, consider the whole beam to be made up, as far as 
the points of contra-flexure, of two cantilevers, one at each end, and 




3 


*a supported beam resting on the ends of those cantileveVs, as in 
Fig. 5. 

It might q.t first sight be considered possible to work out hH 
problems on fixed beams on the same lines as those for beams 
strained over two piers, as shown in Chapter IV., Part 1 . But it 
will be seen that this is not ])ractical)le, af» tln^ essential condition of 
fixing is that the tangent to the dellcctiop curve at the point of Tangent to de- 
fixing must 1)6 horizontal - -a condition things that invoh^cs^oHzonU^^^ 
consideration of deflection. Therefore the problem cannot be solved 
by the comparatively simjde methods for beams strained over two 
piers, in whicfi the question of deflection is not considered. 



As deflection has to be considered, it is evident that the problem 
will vary according as the beam is of uniform section, or of uniform 
strength, etc. 

The cases which call for solution in ordinary j)ractice are beams of Ordinary cases 
uniform cross section, #?y mm ethical above‘and below the neutral axis. 

These alone Avill here be conijidcred. ^ 

Tiic analytical solution of the most usual case, viz., that of a 
beam fixed at both ends and uniforml}’^ loaded, is given in 
Appendix I. • The folloAving results for orilinai-y cases may nil be 
solved in a similar manner, and are tbqs tabulated : — 
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Coin])jiris< >11 
lixrd 

and .s\i])j)urto<l 
l»(*ams. 


Application to 
rolled st(‘fl 
jt>ist. 


Table I. 

Fi.rftl JJetnns of Uniform Sertiqn. 


^'alue of Mfl-. { Position of Mfl*. j Deflection. 



L < 



1 


Position of 
'points of contra - 
flexure. 

I 

Method of loading'- 

i Flawed. 

i 

|lf 

1 ported { Fixed. 

! onl.\. 

If giip- 
portc«l. 

Fixed. 

If sup- 
ported. 

Load W in centre 

\\7 

S 

1 ^(Yaitre 

"T and at 
4 lixing 

Centre 

, W’P 

1 EI 

, \\ n 
4;T 

\L from end 

,, W uniform 

Wl 

12 

W/ At 

S lixir>g 

Centre 

Ei 

5 \V7‘* 

■211/ from 
end 

,, Winct'ntrc’' 
and \V iniiforin 

'.A w/ 

y7 do. 

1 i 

Centre 

1 

■ 1 

! , \\73 

1 , 

Ei 

•23/ from end 


From this table wo see, for beams of uniform ^:ross section — 

' (1). That, when the load i.s in the centre, the efiect of fixinj^ the 
(inds is to double the relative strength. ^ 

(2) . In such a beam there is only ] of , the deflection that there 
would be if supported only. 

(3) . ''I'hatsucli a beam is eipially strong at the fixed ends as in the 
centre. 

(4) . That in a uniformly loaded and fixed beam, the fixing has 

the efTect of making the ])eam stronger than it was when only 
supported, in the ratio of 3; *2. »• 

(b). That in a uniformly loaded lixed beam there is only J of the 
deflection that there would be if it were supported only. 

(G). That in a uniformly loaded hied beam the point of greatest 
stress is at the points of fixing, not ip, the centre, as in supported 
beams. 

The advantages of fixing, therefore, are very obvious. 

If we take, for instance, the wrought-iron rolled joist, 12" x 6", 
shown on riatc I., Part I., the Moment of Inertia of which is 360^ 
and Moment of Kesistance 290 inch-tons, it would, if supported onlj^ 
and used in a floor of 10 tcet sp.an, allowing the usi:al weight)’ on the 
floor (140 pounds to the sqin.re foot), require to be spaced at 
1T9 feet apart, giving a deflection of 0’24 inches, the load being dis- 


* In this ca.se the central load is = the total uniform load. 



Irihuted all along. But with the same unit load and mc'thod of 
, loading, the same beam, if fixed, could be placed at 18-1 feet apart, 
giving a deflection ' of only *078". It Avoiild* be quite allowable to 
c’onsider such a girder as fixed, because of the nature of the material, 
the uniform section throughout, and the symmetry pf material about 
the neutral layer. # 

Here, however, we are met with a imictioal difliculty. -The Practical dUK* 
advantages of regarding a beam as fixed are^so obvious, and lead 
.such economy in design, tliat we should at once endeavour to 
arrange floors, etc., on this basis were it not for two facts — (i.), that 
the analytical investigations of and deflection are confined to 
certain 2 )articular cases of cross section of beam Jind jnethod of 
loa<ling; and (ii.) they dej)end on Jiksolute j)erfection in fixing, so 
that if there l)e any imperfection in construction the l>asis of the 
calculation is at fault. 

Hence engineers have been in th'e habit of calculalitig ])cams in 
floors, (jtc., as sup[)Orted only, in default of (<f) some general rules 
which could be ajqilied in other c,as(‘s than tlio^few special ones to 
which analysis alone applies ; and (/>) of some investigation which 
would enable the clem(?nb of uncertainty in fixing to be eliminated. 

(rrnphir 

These geT?eral I’ules and investigation, applicril)le to all ordinary.! irapliir 
cases, which have hitlie^o been insoluble by mathematical analysis, 
have been supjdied i>y the following graphic methods evolved h}^ 

Gipt. and Brevet-Major J. R. L. Macdonald, R.K* 

These rules, which, as far as the writer is aware, have never 
before boon i)nblishc(l, give simple and easily a])p]ied methods of 
satisfactorily solving ^lic diflhyiltics above mentioned. 

Case 1. beam with cvnlral toad. fUM i. *One 

^et AB {Fiq. fi) be t]ie^)eam, W the Avcight. r)raw the ‘ 
diagram of moments for W,*^considcnng AB as supported only. 

Draw dee par;xlicl to dh. Join df and cf. 

Then y and h (or (i and II) are the points of contra-fiexnrc.* 

I 

* 

* OvVing to Mftflor Maodonald being now in Central Africa, it has not been 
l^oasible to communicate further with liim regarding the proofs of tlieso graphic 
problems. Mathematical proofs have, however, been woiked out, at consider- 
able length, by Second Lieut. A. C. Robinson, R. K. These proofs arc not 
published heie, partly because tliey would take up loo much .•space, partly 
because they may not be the same as Major Macdonald’s. It is .sufficient to ^ 
note that there is no doubt about the soundness of the graphic methods. 
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Cu))e 2. 1^*711 

formly distri 
buted load. 


Datum line. 


Dra\T ighfc. The shaded portion is the required diagram of Mf. 


=W 


€H 

Gil 


\V 

•2 ’ 


and Eb = W X 


CG 

GH 


\V 


We see that AG*-= GC and CH ^ IIB, i.e., the ^)osition of the points 
of contra-flexure is halMi^ay between the load and points of fixing. 



Cask 2 . — Firvd beam v ifh nnijbrmh/ did nhuted load. 

Draw acb, the Mf curve for AB {Fig. 7), as a supported ^:)eam. Then 
tangents to the parabola at a and h meet at </, when gd ^ 2gc. Draw 
edf parallel to ah, and draw ])aral)ola rgf. 

Then h and / (or II and J) arc the points of contra-flexure. 

Draw Idijl [)arallel to ah. The shaded portion is the rerpiired Mf 
diagram. 

IG - load on All -f I lo*d on Hjf - ~ 

^ 

• • ^ 

All and Bd may be regarded as cantilevers, each with a uniform 
load AH and a load at the end equal t ' 

* It will be noticetl that in the above cases, as compared with those 
of Chapter IV., Part L, Ave have altered the datum line from which 
the Mf ordinates are measured. 

In Chapter IV., Part I., this datum line Avas identical Avith the 
beam line, but here it is some other line, as ih {Fig. C) or M {Fig. 7), 
parallel to the beam line. This altered datum Avill afterwards be 
freely used in these investigations. It is not ahvays jjarallel to the 
beam line, nor is it always quite straight from end to end. 


€ 





Fiij, 7. 


Case 3. — Fired heion with concenf rated loftd not at the rentrc. 

The loud is at D (Fir/. 8), wliile C is tlic centre of the heaiii. 

Draw the Mf diagram aeh as if AB wore suppoitcd only (see p. G8, 
Part I.). 

Draw cf from the ctintre r ut right angles to <«//, and produce ar to 
meet it at /. be cuts cf at rj^ 

Draw (fj and /4 parallel to ah. Join hd, jd, cutting aCj eh at k and /. 
Then /.: and I (or K and L) are points of contra-flexure. 


l(jad not :it 
Centro. 


Join Id and produce hoth ways to in, and n. nddn is the, datum j 


DC. 

Tlib shaded poi*tion is the recpiired Mf diagra 


= W X and = W X 
KL 


KD 
KB • 


This is a very important result, inasmuch as the case is 
not one that can be readily solved analytically. 
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The cileflectioii can be ascertained by considering KL as a beam* 
supported at K and L, and AK, BL cantilevers loaded with R^, Rb at 
their ends, and calculating the combined deflection. This is a 
matter of no difficulty as regards the cantilevers, but is not so 
simple fer tile ccnti^d part. An expression for, the deflection of a 
supported beam with a Joad not in the (ientre will be found in 
Appendix 11. of this Chapter, p. 39. 



a. d a b 


Fiq, 8. 

Cii.^r 4.* Mon' (Iase 4.- — Fivcil hc’d/ii with more than one load, 
oa< St i.iii oiH . ^ centre of tlie beam. Draw ahlbf (Fitj. ?0) 

as the Mf diagram for W^, as in the laSt case. 



FUj. 9. 
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• The shaded j)ortion in Fig. 12 is the diagram required. • • 

The points of contra-flexure are L and M in Fig. 9 corresponding^ 
to I and m in Fig. VI. * 

CW 5 . ' Case 5. — F.txed heani. where the planes of fixing at the two ends are 

ent, owing to not the same otrinff ig settle laenl^ etc. , 

settlement. Where, owing to settlement of one l^ier, or from any other cause, 
the planes of fixing of the two ends are difFcrent, the points of contra- 
y^exure, and the licnding moments produced, are largely altered., 

Jjet AB he a beam whose fixed end.s A and B were originally on 
the same lev^I as AO, but the end B has settled to d (Fig. 13). 



Fig. 13. 


4 






The beam has evidently to take the form A/>^/, with a point of 
contra-flexure at tlie centre h. This woiihl form a Mf diagram 
(Fig. 14), irrespective of external loads, Oif the;form efhj. The Mf 
diagram due to external loads would be modified by this ; the Mf at 
A being increased b}^ r/, and at B decreased by ///. 



Fig. 14. 


* This increase or decrease can be found ; for it is evident that the 
settlement rd (Fig. 13)-^t\^ice the deffection at As tliere ii' no- 
Mf at A, we may consider Xh as a cantfh'ver, loaded with an unknown 
^ load AV at />, which produces a deflection ah. But in the case of a 
cantilever, the deflection is expressed as follows : — 




w/« 

K1 


(see p. 129, Chapter VII., Part L), where the only unknown is AV,. 
since ah = led. Hence A\^ can be found. Then 

ef X Aa = hj. 



11 


Thus we can ascertain the unknown bending moments xproduced 
.by the settlement. In order to hnd their influence on the bending 
moments produced b}^ external loading, we haVo to consider whether 
the load is on that side of the centre which has settled (the most 
usual case), or on that side of the centre where .no, settlement has 
taken place. > 

In either case let Fig. 15, as in Fig. 8, represent <he Mf diagram, for 
the fixed beam with load W, and no settlement; kl and 7/* being tho^' 
moments at the points of fixing. 



Then Fig. 16 represent^ the iMf diugrani if, as iji Fig. 1.‘5, I> has 
settled to d and W is on that side' of the eentrti on wliieh no settle- 
ment has occurred. Ile^re 1Jl — id -^ej\ and 7'/ '- 7' — A/- case 

there is only one point of contra-Hexure. 



Similarly, Fig. 1 7 represents the Mf diagram if A and not B has 
settled an amount = cd. Here h"l" == /;/ - r/, and g r" ^ 7/ + hj. 
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wliDHc iixil 


The»])osition of the i^oints of contra-flexnre here should be studied,!^ 



juiis Cast: G . — Jiefuns tvho.'ia Jijiiu/ is not ahsolutelf/ pe/fer,l. 

Tills is; of course, a very ordinary case in practice. If it were 
essential to the consideration ik %ed heains that the fixing should 
he ahsolutely jiei'feet, i^ would seldom he possible to base an 3^ 
reliance on the calculations. It wow Id ja obably be a sound })ractical 
rule, ^vliile taking all reasonable precautions to ensure perfect fixing, 
to count upon the bcain as licing hfilf fixed onlj% /.c., to assume tlie 
, negative Mf at ihL^poiiiis of fixlnf/ to be only half what it would be if 
the beam were pcrfcctl}^ fixed, ^ 

\Vc have alread)^ seen that in the J\If diagrams of fixed beams 
given aliove, the curves or ])olygons of th*c moifients arc the same as 
those that would be evolved if the beams wej’C sujitiorted only, but 
the datum line from which the moments are measureef is different. 
In supjKivted beams this datum line corresponds to the beam line, but 
in ichollf/ f.red beams it is at some definite di.stance from the beam 
line. In jtarfiidhj fi.ml beams it will oc(;np3^ some intermediate 
position. For jiractical purposes it is suggested that this inter- 
mediate position may be half-way between the beam line and the 
datum line for wholly fixed lieams. , « 

Thus for beams loaded centrall}^ as in Fig. 18, the diagram iu 



Fig. 18. 


Fig. 19 gives the iMf when wholly fixed. Now draw Fig. 20 making 
a'd = and l/f — and cd' = rd. 
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The Mff in AB if supporteil only is cd {Fig. 1 9). 

„ „ wholly fixed „ gd = \al {Fig. 

half ,^g'd'=]aUFig.20). 


d 



. d‘ 



For a uniformly loaded ixjam, wholly fixed {Fig. 21), the Mtr is at 
the points of fixing and -- \\7. The Alf at the centre is — \\ /. 



•I 


If the beam be hilf fixed, tlie Mtf will now be at the centre 
and the Mf at the points of fixing will be = 22). Thus 

a uniformly loaded beam of uniform cross section is 
equally strong whether half fixed or wholly fixed. 
Paradoxical as it may seem, such a beam is really strongest when it 


I'liifonnly 
loiulffl h(‘aii) 
iiiipfrfoctly 
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is noi rwholly fixed, but when the Mff at the points of fixing and at 
the co’itre are each == 



It may Iiere be pointed out that in calculating the strength of 
the fixe(i planking of the roadway of a bridge, •<uch as a military 
pontoon bri<lge where tlie eilds of the chesses are fixisd by ribands 
and rack-lasliings, as in Fi{/. 2.1, wc may practically consider loads, 


2.3. 


t 



such as Avhcels of wagons, guns etc., wh*ich may deviate slightly 
from the centre, as symmetrical, in view of the investigation shown 
in the (‘ascs above. ♦ 

For, in the first place, it is clear that, so far as the Mfr is concerned 
(but not the position of the 2 >oints of coiitra-tlexurc), the due to 
the weights on two Avhecds, as shown dotted lines in Fifj. 24, may 



ho replaced by one central weight giving the same value of M^. 
This substitution will simplify the demonstration, for any influences 
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that ‘Would modify the Mff in the one case would equally modify it 
in the other. 

Suppose, therefore, the load on the two wheels replaced by one 
central load. This has a Mf diagram as shown shaded in Fiy. 24. 
If that load be placed a little to one side, it woiUdj^i/* both snpporti^ 
.are still on tlw same level, tend to produce a (li;jgrain as in Fig. 25. 



But the excess of weight on one longitudinal causes an excc'ss of 
•deflection on that beam, which, as we have seen in Case 5 and 
Fin. 17, tends to counteract the unsyinnietricaJ nature of the Mf’ 
diagram, and bring it hack to the symmetrical diagram shown in 
Fig. 24. 

Case 7 . — Beam firfd af aae end^ supported at the ofJaa', /rith plane of Cam 7. IVaia 
fixing, and supnort in the sauo' plane {general ctse). omL sumi^Irtotl 

Let AB he the beam {Fig. 20). F'irst consider the beam as fixed, tlu? other, 
and draw the Mf diagram {Fig. 27). Now if A be fixed and B sup- 
])orted, we know thnt the Mf at B^ O. fii Fig. 2S make 
^ac' — ae.+ IJf, and join e'.b\ ad'lt l)eing the same as ((dit. The shade<l 
portion is the required Mf diagram. 

Similarly if B be fixed and A supported. Draw a'dHF (Fig. 29) as 
in Fig. 27. Make l/'f'^bf + {Fig. 27), and join e"/ Then the 
shaded j)art in Fig. 29 is the J^If diagram. 

Tl#(j a))ovc procedure is a general solution for all cases, wliether 
the loads be concentrated or distributed. It affords another proof of 
the value of graphic solutions, since only a few such (rases are I’eadily 
soluble by mathematical analysis. 

Case 8, — Beam fiixejl at one end, sujgmrteil at the other ^ bni v;ithCtinr^. IVam 
$eme,mnt at one mk or other. endf»upix"rtecl 

If Fig. 28 shows the diagram when there is no settlement at cither the other, 
side, it is clear that if the fixed end .settle a negative Mf will be pro-SthX^”^ 
duced, and the diagram will be something like Fig. 30. If the 
settlement at A has been ^ inches, it is equivalent to a cantilever ab 
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with jin unknown load W, which produces «a deflection 

j; ; hence W calculable. Then the Mf at a due to V 

W X and fic is reduced by W x ak It will be seen, by compai 
Fit/s. 28 and 3Q, that, although the IVff has been reduced at the p 
of fixing, it has been inoreasc<l under the loaxl. 
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Similarly, if the point of support h be lowered, the M- at a will bo 
increased, and that under the load decreased, the diagram assuming 
the form in Fig, 31. 


c 



As an example of the economy of calculating beams as fixed, 
when, for practical reasons, it is possible to do so, wo may take the 
following : — * 

Example 1 . — A fnunnl flour is lyinnrcd for a rooio 16' x 30', a/n/ 

.7 1 r 9 / • / 1 /7'/ / • 1,1 . T Pt’fiaxTJ fioo 

Inc girders jjrifjfosca for use ore roiled strel /o/.'^fs x 0 {o.s in rJate i., wiii) fixod 
Pari /.). It is proposed to use wooden hinders ami bridging joists^ to fir 
Ike ends of the girders, and if maij safely he assumed- that the walls can. 
hear the weight of sia% girder.^ hinders, or joists as m,oy he brought upon , , 

Ihem. 'Fimher far binders and joists, red fy' (pinus sylvcstris). 

As regards weights on fioora, Mr. Hurst gives in his TTandhooh the Wcifflitson 

- „ . ® ® ' Hours, 

following rules : — 

Ordinary dwelling house floors, 
including the weight of the 

fi^or-board§ ... ... 1 J c w t, = 1 40 lbs. per sq. foot. 

^Public buildings, lecture rooms, 

etc li „ =168 „ „ 

Warehouses and factories ... 2^ to 4 cwt. - 280 to 448 lbs. 

per sq. foot, 
c 
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I 

Fk^n' 


0 


Ceiling joists. 


Messrs. Dorman, Longed Co., of Middlesborough, in their valuable* 
Handbook of Steel Sertlon.% give the folMwing : — 


Dwellings or office buihlings 
Public halls or schools 
Warehousof. " 

Heavy macliinory 


... ir)0 lbs, 

... 180 „ 

...*200 to 400 lbs, 
... 300 to noo „ 


The factors of safety, however, recoin men (led b}^ this firm for 
their stool (see p. 57, Part I.) are less than those usually adopted in 
jiractice by th(‘. War Department. Hence Mr. Hurst's rules are 
taken in thi.s cx;iin{)le. 

Thc'safe Moment of Itcsi.stancc of the 12"x6 rolled joist, if of 
stool, is 443 inch-tons, if of AvroUght iron, 296 inch-tons (see p. 98, 
Part L). 

Let the assumed distribution of floor timbers bo as shown in 
Fi(j. 1. Plate I. 

The calculations of the various j)arts are based on the folloAving 
considerations : — T.b.at the floor joists, binders, aikl girders are fixed, 
or at least half fixed, and that they are uniformly loaded, but the 
coiling joists are only supported, as their fixing under the binders is 
necessarily most imperfect. 

Fl(Hir Joists. — S[)au 5 3', weight i)cr scpiare foot 140 lbs., distance 
apart of joists 1 foot. 

Hence W, total weight on each joist between binders — 
-5*3xlxU0-742 lbs. 


And Mff for a fixed beam uniformly loaded is 

W/ 742 X 64 o „ 

^ =3,857 inch :bs. 

i L 1 


The joists being rectangular- 
rhd^ 


Mr = , and ?•=«««« (average) = 1,200. 

6 


Hence 3,957 =- hd\ or hd^ = 19-8. 

Make 2J x 3". 

Ceiling Joists . — These joists may be 1 foot apart centre to centre, 
which is the usual distance in practice. The weight of the ceiling 
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is lO.lbs. per sqiiai’c foot. Fi’om the deflection formula (d), page 
139, Part L— 

wlicre L = 5*3, S — 1, and 10 lbs. 

Hence ^#=11*1. 2*^' x 1" would do, but leaves ver^^ little room foi* 

nailing. Make2rxir. • 

Binders . — Span 15 feet. Weight on eacli^binder -- floor weight on B’liflers. 
I whole area 4- weight of floor joists on ,1 area + weight of ceiling and ^ 
joists ditto. 

Floor weight x 10' x 30' x 1 10 ... ... — 1 1,200 l))s. 

,, joists X 30 X 16 x 2|" x 3" x 36 .. 135 

Ceiling,, ^ x 30 x 15 x 2.y' x^*l i" x 36 ... - 

Ceiling -J x 16 x 30 x IB * ^ . . SOO „ 

, Total ... 12,205 lbs. 

To this must be added the weight of the • 

• binder itself, say 1 x 15 x 12 " x 12" x 36 510 ,, 



Hence AV -- 12,745 lbs. 

or 5 ’7 tons. • 

The Mff in inch-lb.V wilUbc 


175. 

12 12 

6 


TIcnce 


191,175 4-200 - 955. 


Make 10" x 10". 

* • 

The weight of the binder^ will then b(i 15 x 10" x 10" x 36 — 375, 
and^iot 540 lbs., as ap[)roxiniately estimated above. We see that 
the true value of W will then l?e 12,680 Ihs., m:)t 1 2,745, say 5*6 tons. 

Girder . — From Fi(j. 2, Plate I., we sec that the distribution of weights (iirder. 
is symmetrical as regards the centre. The Mtr will be either at the 
iixing^r under either Aveight. F'uj. 3 siiow.s the Mf diagram for one 
weight •taken by*itself. If the beam had been su])ported only, the 
Mff under either load, taken separately, Avould be 5*6 x | x 64 inches 
— 240 inch-tons, or de {Fi(j. 3). Drawing* the Mf diagram for a fixed 
beam as in Case 3, i.e., making the line aU pass through the points o, /?, 
we see that aa ^ 160 inch-tons, and bfj —S5 inch-tons. As the loads 



20 


Deflection. 


Ecfinomy of 
fixing. 


at D awd C are equal, and symmetrically situated with regard Jto the 
centre, it is evident that the Mf diagram for the other weight would 
be similar, only revers^ed, i.r., hi/ would be IGO and aa' 85. Hence, 
fcombining the two as in Fig. 4, we have aa' {Fig. 4) = aa' 

(Fig. 5), and ecV — ed + cf. From this we see t^iat the Mffis at the 
])oint of fixing, and is 2f5 inch-tons. 

Hence the rolled joist is amply strong enough, even if made of 
wrought iron only, as its M^, if of wrought iron, is 296 inch-tons, A 
lighter section of sLrl would be strong enough. 

Details of floor are shown in Figs. 5 and 6, Plate I. 

It will be observed that the cUcct of fixing is to increase the stiff- 
ness in a far greater ratio than ne strength in beams of uniform 
section., l^br instance, a lieam.witli a single central load is, when 
fixed, twice as strong as when su])pc,rted. But it is four times as stiff, 

W p wp 

the deflection at the centre being pj- instead of A yj* I** 

the case of a uniformly loaded beam, the fixing increases tlie strength 
by two-thirds, but the stiffness by 5. 

It may hence be inferi cd that if the requirements of strength are 
satisfied in a fixed beam, the recpiirements f')r stiffness are probably 
more than satisfied, and might be neglected in calculation. For 
instance, the hinders in the last example would have a deflection 


1 \YP 

ns 4 pj 
» 


1 


1 2680 X (15 X I2)=^xl2 

“TTiOUOO' xll)tOb~~ 


— *16 inches. 


whereas the permissible deflection or per foot run would bo 

Even if the fixing is imperfect, this would allow an ample margin. 

It will thus be seen that, w’hereas in su})i)orted beams the recpiiro- 
ments for stiffness generally are greafer than those for strength, and 
therefore govern the scantling adopted, iii fu’ed beams the opposite 
occurs. , 

111 the example thus wwked out, the scantlings which would 
recpiired if the beam were supported, compared with those required 
on the basis of the beam beiRa' fixed : — 

o I 

rixed. Supported.* 

Foiled steel joists, No. ... ... 1 * 2' . 

Binders 32' long, scantling ... 2 x 10" x 10" 2 x 5" x 10" 

Floor joists IS' „ „ ... 30 x 2|" x 3" 30 x 2" x 6" 


There would be a saving in the fixed floor of 9 cwts. of steel 
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girdei:s,* alid about 6 cubic feet of timber. This would amount to 
about J63 at English market rates. There would also be saving in 
the brickwork of the walls 3" in height all routid. Plate I. shows the 
floor as designed. 

The economy of filing in timber would be so slight as not to make 
it worth while adopting in ordinary floors.* In framed floors, how- 
ever, the chief advantage of fixing lies in the economy of . the 
gird^srs, an economy which incrtjascs with th^ span. ♦ 

It need hardly be said that cast-iron beams, if designed in the Kixinj? not 
usual way with one flange three times the ai ea of the other, arc t/iellSinary 
unsuited for use as fixed beams, because the smaller fiaiigc, wdiich is cast-iron 
designed for compression only, would in certain parts of tlie fixed 
beam be brought into tension. / • 

It is not necessary to say mufiii about the shearing stresses in fixed 
beams. They would be little difterent from those in snp])orted 
beam^. In any case, they would* be fpund by precisely the same rules. 

It would only be necessary to find the reactions at llio poiTits of 
fixing, and apply the rules found in Chapter Vi., P/y t 1., for shearing 

• Ctmtinvons Bmms. 

In many cases in; acti^I practice beams are nob fixed at their Continuous^ 
points of support, but arc continuous over several sj):uis. The joists 
of a floor, tthe common rafters in a roof, the bi’essumcr in a 
verandah, etc., are comn^n instances of beams which are continuous,’ 
though they are usually calculated as supported only, for the sake of 
simplicity. 

It is proposed here rTot to enter into the full investigation of the 
problem of finding the bending moments in such beams, but to give 
a few graphic methods whereby such investigation may be arrived at 
with a reasonable a|Tproxira}ftion to accuracy. The mathematical^ 
analysis # 0 ! such beams has»formed the,subject of many treatises in 
several langUago.s, but howevej; interesting the problem may be from 
a purely academic point of view, there are certain objections to such 
analysis, which cause it to be regarded with distru.st from a puactical* 
point of view. • 

08e objection is that the theory is based on the supposition that 
all thfe points ftf support are on the same level. Hence, if any tinuoasU^ams. 
settlement occurs, there will be, as we have seen in the case of fixed 

♦ Even if the 12" x 6" girder is used. A slightly lighter section might have 
been adopted, with still greater saving. 
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Difficulty of 
inv<*sti^atioii. 


c 

Iki.ain coti- 
tinuous o\cr 
two spau-^. 


beams, corresponding alterations in the points of contra-flexure, and 
in the bending moments. 

Another objection is that the theory is based upon ^ consideration 
of uniform values of the elasticity, which in practice can never be 
obtained. ^ ^ • 

Again, in built-up \\^ork, such as occurs in bridges and roofs, 
variations of workmanship upset calculations for uniformity of 
^ stress. , 

Finally, if the structure is subject (as in the case of bridges) to 
varying loads, the positions of the points of contra-flexure and the 
resulting moments will vary with the various methods and positions 
of loading., 

Ilenc6 we must regard such investigation.-^ as approximate only. 
This, however, is no reas^on why tltc subject should be wholly dis- 
, regarded, for the economic advantages of continuous gliders under 
certain circumstances give them umpicstionable claims to practical 
consideration. , 

The main difri<ijiyJ,ty of the investigation lies ifi the fact that the 
vertical reactions cannot be found by the law of the lever. The 
internal stresses must, therefore, be determined by the consideration 
of the elastic deflection of the beam. , „ 

In the case of a beam continuous over two ecpial spans and 
uniformly loaded, the reactions at the central pier and Uiio supports 
can 1)0 ascertained from the laAVs of dcijection. The procedure 
would be first to calculate the central dcllectioii which would occur 
if the girder Avere merely supported at both ends, then to consider 
the reaction at the central pier, which will evidently he e([ual to the 
single load Avliieli would cause at the centre the calcnlatcd deflection. 
For instance, if the beam he of uniform cross section and uniformly 
I loaded with a total load^W, the deflection *at the centre will be 

•isr iTf (p* Part L). 'Under a snigle central loafl ftie syme 
^deflection would be • Hence .-sS jW ,or AV' = JW» 


We sec, therefore, that in siv*h a caso §W is the reaction at the 
centre, and ,’;.AV at each of the supports. This has already*been 
taken into consideration in investigating the stressed on a kirtg-post 
roof (p. 2r)0, Part I.). 

Now if we suppose the same beam to be absolutely rigid,* we sec 


* From Mr. Claxtoii Fifllcr’s Treati'^c on Bridge Constrvetiov. 
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that .the smallest settlement of tlie central pier wouUl hying the 
entire load on the abutments. Similarly, a settlement of the 
abutments would bring the loatl on the pierjf. In the former case 
the Mf difigram would be ah^ -32), and in the latter case ab*c. 



'riio range of stress U' woiild be enormous, inasmuel the o?ie 

case the stresses at the centre would be of tli(i opposite character to 
what they ^ould be in thc*otlicr. It is, howexair, evident that this 
difference of stress could only occur in pra(;ticc (since the actual 
materials we have to deal with are clastic) wlien tlic difference in 
level was an a])})rcciable amount, viz., for a uniform load \V all 
along the girder (if of espial section throughout) — 




Kf’ 


aiul 


ifD- 


Kl ' 


The solution must, in any case, clepeiid on the elastic deflection of^ 


* Itfor a cantilever uniformly loaded 


V= , 


K1 


Hem 


= and r=r { 
2 




\\7- 

El 


Hence 
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Claixjyron’tt 
Theorem of 
Throe 
MomentH. 


Major 

Macdonald’s 
grai)hio solu- 
tions of con- 
tinuous l)eains. 


the girder; and the reactions produced by. the piers, in order -to' 
produce the best effect, should be such as to give the deflection curve , 
such a form as to brin^ the three points A, B, C on the same level 
‘ Analytically, the relation between the bending moments at any 
three consecutive j)iers may be expressed by ^ what is known as 
Clapeyron’s Theorem of Three Moments, which is as follows : — 

Let Mq, Mj, Mg and M.j denote the Moments of Flexure at four 
consecutive piers; /j, lengths'of the three spans; u\, 

the weights per lineal foot, then 

M,/, -f 2Mi (/j + /g) + MM + i = 0 (i.) 


for uniformly distributed loads. 

For concentrated loads the theorem becomes 


^(h+h)+'^ 


^ A + ([ 2 

6 6 /, 




where W and \\\ arc the loads in the two spans, and and the 
distances from th'^s.e loads to the piers at the ‘ extremities of the 
section under consideration. If there be several weights in one bay, 
take the algebraic sum of the moments, i.e^, ilWj;. For proof of 
Clapeyron’s Theorem see Appendix II. to this chapter. 


Major Macdonald" (tcaphic, Solutiona. ^ 

• The application of Clapoyron’s thecjroni to examples may now be considered 
ami compared with Major Macdonald’s graphic system of investigation. Ihis 
system is soniewlmt as follows : Kaeh sej)arate span of the continuous beam 
is first treated as if fixed, and the Mf diagram drawn on tliat supposition, as 
explained above. T’he end spans are then treated as beams fixed at one end, 
supported at the other, and half the sum of the resulting moments at either 
side of the central pier is taken as the moment for the continuous beam. 
^I’hus, in Fig. 33, if AB, BC, CD represent thrive adjacent spans of a 
continuous beam, tlie principles involved in the investigation are as follows: 

(1). If at B we have two bending inoineiits ih" due to load on AB, and B/*due 
to load on BC, and B be set free (or considered as unfixed), then the resulting 
Mf at B is a moan between B/’and Ik, or is = B/t. 



(2). But as B/ lias been increasled to BA, Cg will be decreased by J/A, and 
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increasctl 

and tlieu 
•esults so 

loljtained, the second differences are cut out. 

The above assumptions give results which closely aj^proxiniato to those 
obtained by the Theorem of Three Moments. « 

Take for example the beam shown in Fhj. .14, where AB-4(y, 11C = .10', 
AD = 25', BK=15', W = 24 tons, ^'=20 tons. .Let M.^, and Me be the ^ 
bending moments at A, B and C respectivel3\ t 


1m increased by i/A, and as Be has been decreased by e/i, Ad will be 

^ (.1). By first releasing the points from left to rigl;it in siiccessiojj, 

from riuht to left in sucoession, and taking the means of the i 
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Kaa.my M'. 
IUmui coii- 
tniiiou-^ ()\ «“i 

S] Kills. 


If wo suppose A and C let fre«*, and tlius supported while 15 remains .fixed; 
we Iiavc the moments as follows; — 


A 

B .. .. 

C 

0 

. (140-t V') (75 }' V') 

.. 0 

0 . s 

.. 1S2-5 112-5 

.. 0 

Xow set free B - 

0 

IS2-5MI2-5 

.... 0 

0 

Mak(5 hk 1 17-0 (/'V/. 

. 147*5. 

55) and join ak and rk. 

The shaded portion is the 


r(‘(juiied Mj- •liuL’i'am. dke is the distorteil datum lino. 



'Pile ealcnlated value of hk is KVJ’T, tli(‘, graphical value is I47‘o. The crior 
IS alioiit .‘P4 pel- cent. 

Anotlier examph; may be given to illustrtUe tlic aiiplieation of the pj iiieiple 
to beams witli several .spans : — n o * 

Let AK {Fiij. :i(»)-r:{(r, K15-. ur, Ali -40', BF:=:20', FC-IO', 

('(i -20', (iD^ 10', CD -^aO', \V' = 20' tons, V" = 30' tons, \V"'=24' tons. 




& 



fHI 4'"- 

PW 

w'^^o 


1 

« —so' -♦ 

fr JO' It- JO' ) 

1 

w' * 




Fig. 3G. 



* Iiet.Ma, Me, Mj be the pier nionients. 

Then, by Theorem of Three Moments, Ktpuition (ii.) 

M,. (AB -f- MC) >jr., X AB M,. x liC 
• ' ^ 6 ' 6 


- Ai.-, ; 

bxAB • (j#< bC ^ 


But 


M.,--(): 


Mu X 70 . M,. X 30 ‘JO X . 

( 1 ,„ 

140 M„ + 30 ■- I.-, . 700+10 -c.SOO - 1S.100 


•> ■ <. (1000 !KI0) +**!’'' ''*(000 100). 

o i> X 40 (» X 30 


( 1 .). 


Similarly — - 

^l,.x(B(.^-hCr)) iM„xB(: M. ri) 

' — -+• .- “ . * 

and ---(f; 

. M. V 00 M X .IO^.'IO -20 ,, ._>! . 10 „ „ 

H *> 0 ^;«) (!■ :(o, " 

l-JO M I- .“lo -M ,. T= 20 X ">00 + S X SOO - 1 0 100 ; 

M 

m * ~ i 


Subslitiilo lids value in (i.)-- 

1 to M^. I 30 ^ ^ p‘ - ) -- 1 s:>()(), 

M„ - IOS'7; 

arid SI me IJO f 30 Mi, - 10 100, 

jM, ^ lOO-.K 


If \v<' <lrii\v' f(f‘h, h/r, c<jd fur AB, B(l, (d) as sujijmrtrd Ixxniis, and make l>h 
on tJie same scale - ]\l,, -{jOH *7, am^ rj lOO-d, Ihc sli.idc<l pur(iu/i is tin- 

diagT-arn (/'Vf/. 37 ). 

3’he alxAe is lh(‘ solution b^ Lift* 33ieur(‘m Moim ids. 



To apply Major Macdonald’s graphic method, consider AB, BO an<I Cd> 
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lived beams, and draw the diagrams as in Fitj. 38. In practice, it tiv 

draw these to a large scale. 


f 



Thi ;»/, W =00, r«=129, *i=106. 

A IJ B O C D 

.I" 113 «9 129 .’>.5 106 


A B B O C D 

.I" 113 «9 129 .’>.5 106 


Consider A and I) supported, the otucrs_/?TCd. Tlion we have 

0 .. .. 113 + V'<>!) 129 .55 + i§" ... 0 

= 0 131 -.T 69 129 108 0 

No\(^ if we relieve and C, each re-aets on the other, and the problem is 
iiKlelenniiiatc. J^ut if we release the points in succession from left*to right, 
iviul then from right tb left, and finally take the mean of the results, we get 
very 1 ‘lose a])pi*oxiiuati<)ri to tli<^ results obtained by tlie Theorem of Three 
Moments, thus : -\Vork from left to right and releKse B. 


A 

0 .. . 

= 0 

Now release C. 


Kil o \ m 
~2 

= 100-2 


129- 


.0 

100 -2 - 69 ^ 


108 


1 ) 

.0 


^ (' 


ii:i-4 


•4 - 1 10-7^ 


100-2 f 

= 0 101-5 

Now work fioni right to left, release C. 

0 1" 


11.3-4 108 


1 13-4 + 108 

5 


110-7 ... 


.0 

0...(A). 


131-5 ^ 


= 0 

Now release B. 


+ 0 

131 -.5 74-2 118-5 


0 

= 0 


129-102-8 

So- 


i (131-5 + 74-2) ^ 

102 8 104-4 




The mean of A and B gives M,,-=102-15 and Mc= 107-5, as against Mi, = 108 
and Mc= 109, by the 33ieorem of Three Moix^ents. 

This grapliic method has been applied ; o a great number of different loads 
and spans, and has always been found to give results which approximate so 
alosely to the calculated values as to be practically identical. 
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• . , Mr, Claxtmi Fuller's Graphical Method, 

. Another graphical method evolved by Mr. Claxton Fidlcr is Mr. Ckxton 
especially useful in the case of beams uniformly loaded. phic^oiu^ion, 

‘ In Fig, 39, let AB, BC, CD represent a beam continuous over 
three spans, and loaded uniformly, , 

First draw the Mf diagram for each span *as if it were supported 
only, and independent of the others. These will bo parabolas which 
will* vary with the span and the unit load. » 

Take points G, H, O, L at one-thn*d of each s{)an from the j^oiuts 
of support. Draw GK at right angles to AB, cutting the line 
joining the apex of the parabola a' to B at K, draw II L, 0]\I, LN cutting 
similar lines at L, M, and N. Join KJj, MN, and divide these Jines at 
P and Q in the inverse proportion 0 / the adjacent spans, make 
KP;PL; ; RC; AB. If the spanTs are equi^l, as in Fig. 39, Band Q 
will be vertically above B and C. 

Thien P and Q avQ pivot powh\ * 



The distorted datum line, from which we wish to measure the Mf 
ordinates, must pass at such distances above the pairs of points on 
each side of the piei’ijthat KK' and LL' are in the invei se ratio of 
the spans AB and BC. The line must start at A and terminate at • 
D. • There is only one position of the fine which Avill satisfy these 
conditions, and that is easily fcAind hy trial and eri ur. In the figure 
the spans and weights are equal, and the problem is simple. But it, 
is almost equally simple where the spaas and weights are unequal 
(see Flute II. as an example). “Thb moveable base line can be 
adjusted in a fey minutes by trial and error, so as to comply with 
the governing condition ” that it must pass over one point and under 
the other. The engineer who is accustomed to laying down the 
gradients upon a railway section will have no difficulty in effecting 
this familiar adjustment, for he has only to suppose that B is a 
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c 

Pri?K'i])l<!s in- 
voIvcmI in the 

method. 


break qf gradient, and he has to adjust his grades so as to passjiiiwier 
the fixed point K and over L by equal de[)ths of cutting and 
embanknunit. }*erhaps the (piickest methods will bo to draw the 
hues KIj and MX, connecting each pair of fixed points and intersect- 
ing the pi’er verticals at P and Q. Then the point h must be raised 
until a straighl-edgc bud across KT/ cuts through the point P, and 
llie same at each j)ior of the bridge/’* 

The shaded j)ortion of the figure (i’9) represents the Mf diagiam. 

Althougli s[)ace will noc a<lnut of the somewliat lengthy and 
ditlicnlt, but v(irv ingenious, jwoof of the above graphic method, it 
may be ])ointe(l out that the stops involved arc as follows : — 

(1). The actual dcfiectcd curve that a beam of any form assumes 
wluMi ngdeV a load is derived from the Mf diagram in precisely the 
same way tliat tin'- Alf curve is derived from the load (see Appendix II.). 

(:2). The ])ositi()n that suchacurv^e occupiers in space can, however, 
oidy he determincil by reference to fixed ])oints. 

(3) , In tlio case of girders (of uniform section) continuous over 
scv(;ral spans of known length and Avith known Aveights, Ave can 
<'ionsti‘uct ]\lf diagrams for each s])an as if the girder for each span 
were sup})orl(‘d only and independent. This^wiJl indicate the form 
of the deflection curve, 

(4) . In the case of such girders, Ave have certain fixed points, 
viz., the ])i(n’s and abutments. Via know also that the tangent to 
the deflection curve at the piers Avill he common to the curve in tAvo 
adjacent spans, measuring the inclination ^ipAvards in one span and 


doAvn wards in the next. 

(5). If M.„ M], and M<. represent the unknown pier moments at 
the abutment and at t)icrs J> and C, and if M^ and M., represent the 
central moments of the spans AB, BO {Fifj. 39), and if E ho the 
Modulus of elasticity and d the deptli, of the gCrder, it may he proved 
" that the deflection beloAV the tangent, at B in the spap AB is 
expressed by 

(„), 


and that the deflection beloV/ the tangent at B in the span BC is 
expressed by 






* .1 Practical Treatise on Bridge Construction^ by T. Claxton Fidlcr, 
M.Iiist.C.K., i>. 141. 
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• (6)., If by any geometric device we cau obtain a value for the 
expressions within the brackets in («) and (/3), we can ascertain the 
position of the true datum line. This has actnall}^ been done in the 
fcw'cgoing graphic ^construction, for in Fhj. 39 

KK' - 5 aCL - and 1 .L' - + i CV - 

By this method, therefore, we may fix the points of contra-flexure 
T, U, V, X, and, therefore, obtain the Mf diaghtni for the wliole beam. * 

As regards the shearing stresses, wo see at once that when th(i 
points of contra-flexure have been ascertained, the sheaiing stresses 
can be eiisily calculated. For the shearing stress at the side of any 
pier will bo (in the case of uniformly distrilmtc'd loads) tlie weight 
•on the cantilever re])resented hy the distance from the ])i(?v to the 
[)oint of contraflexure at that side, plus half the W(‘ight supported 
on the portion between the j)oints of contra-Hcxnie. Thus in 
Ff/j. ^9 the shearing stress afr A ^ J, ?/* x AT, shearing stress at 
B - x^AT + BT in the sj)an AB, and iv x BlI + I w x IIV" in the 
span BC, and so on. » 

As an illustration, Platf*. JI. shows the graphic rcpresentati<)n of* 
moments in a continuoi ’S girder bridge with inogular sj)ans when 
loaded all over. The total width is 135', and the s]>ans 30', 00' and 
45'. The weight per foot run is 2 tons, ?.r., tempor.uy ]o;nl 1 ton 
and perinanont load 1 ton. ft will be seen that (Ikm'c is very con- 
siderable econom}^ by adopting the continuous form in this case, for 
the Mff, instead of being 900 foot-toTis, is only 590 foot-tons. Tlie 
pier moments c.alculatcd by the Theonun of Three Moments are 470 
and 597. By the graphic method they are 470 and 590. 

The same bridge loaded only on tinj central s[)an gi\ es a Mf diagram Djsiulvan- 
shoAvn in dotted lines. There is a very considei able dilhn imco in the 
values of the Mf, and sti'Il greatei^di Acre nee in the ]K)sition of the points ^ 

of contra-flexure. We sec fro^n this that t,he cflecfc of rolling loads on 
conthiuous girder bridges is to alter tlie positions of the points of 
contra-flexure, the values of the pier moments, and both the values 
and the nature of the shearing stresses. Where the dead weight of ^ 
the bridge is great in comparison with the rolling load, sucli changes 
are oFlittle consequence. But where the opposite conditions occur, 
iis is the case in qailway bridges of short sjxan (say under 100'), the 
changes produced are very important, and are dilHcult to meet 

* For if we join BC' cutting fIL' in h — 
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practically. Hence, in suck bridges^ continuous girders are not considered, 
economical for sjntns le.^s tJuin 150 feet, ‘ ■; 

“ The uncertainty* arising from the shifting of the points of 
*contra- flexure may, however, he met by fixing them in the most 
advantageous positions for the general economy of the structure. 
This can l)e do'ne by connecting the ends of the different segme^nts- 
together at the j)oint.s of contra-flexure decided on in such a way 
that the continuity off the direct stresses in the upper and lower 
flanges is bi oken, as is done in the case of the Forth Bridge, etc., 
or, in other woids, l)y constructing each span with cantilevers for part 
of the distance suppoi’ting a beam of reduced span.”* 

A ^reat disadvantage of continuous girders lies in the fact that 
difrerd.'ccs of level in the piers or abutments causes also shifting of 
the points of contra-flcxurc, arid although minor differences may be 
accounted for by applications of the graphic methods, of Mr. Fidler, 
as described above, the uncertainty that arises from this cause has 
had'the effect of diminishing the confidence of engineers in their use 
in bridges. 

Tlieie is no doubt, however, that in simple construction the 
{)rinciplo of the continuous girder may bepaj)plicd with advantage. 
Numej’ous instances will at once suggest themselves — common rafters, 
bress\imers, etc. In such cases there ^is noi likely to bo much 
shifting of the points of contra- flexure, and the advantage of 
calculaiiug the l)oams as continuous may in some cases be veiy con- 
siderable. 

As a guide to the calculation of pier moments, etc., in equal spans, 
equally loaded uniformly, the following table is given, dealing with 
beams continuous up to five spans, each span being of length = /, and 
the weight on each span being W = 

o 


* General Wray, Applications of Theory to the Practice of Construction,. 
4th edition, p. 107. 



-(Jisfributud loail oil span. ; • /-length of o/n- >paii. 
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Analytical 
sulutioii of Mf 
and deflection 
inn fixed beam 
uniformly 
loaded. 


In general, it may be said that the moments at the supports ifext 
to the ends are alway^^ the greatest, and are there about = ~ , that* 
they are least at the thiid supports from the end.s, where they are 
about , aiTd that near tlic centre they are nearly uniform at 
about . 


APPKNDIX I. 

As nil example, wo give liorc tin; proc.css of lindiiig analytically the values of 
the bending ijioment.s ami deflection in a beam of uniform and symmetrical 
section b veil at both ends ani^ uniformly loaded.* 

Let AH {I'lf/. 40) roprosont the lieang a? — unit of loa<L i?- length, P — force 
lixing tlie end.s. Let >nient of Flexure at any point dislant x from A. 


A 

» 'A 


J 

poooooQOQQOQOQOcxxinnoncxxDnnnoot^ 


a - 


Fi<j. lO. 

Let — P// — ^If at A, 

'Phen at any point x 

+I> (.v + 4 +jr.,- 


Hut 


Mti- 


((A- 


FI. 


lienee, integrating between limits 0 and x— 


.J2). 


'Vheii :r — 0, Le., at the point of fixing, the tangent to the (Itdleetion curve is, 

from the nature of the fixing, horizontal ; therefore =^0. Hence C = 0. 

ax 


* General Wray’s Applications of Theory to Practice of ConstT^ictiony 4th 
Kdition, p. 83. 
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When x=^~,i .€.9 in the centre of the beam, ^=0, or v is a niaxiniuni. Tliia 
2 dx 

* is evident from the s^^mmetry of the loatl. • 

• In (2), by substituting ^ for a:, and making anti C — 0 - 


*'*'*2 + 48 -16=**’ 


12 


Substituting this value of M^a in (1) - 

XT 


.(3). 


Wlien Mf has its maxi muni ncgatij'c viilue, at llji: of tJn 

beam 


AT »'•/> 

^ ^ ■ 12 "S 4 24 ' 


24 


At tJie fixed ends, a*=:.0. 


Af \T ^V/ 

^Ir=- i-j.or 


Wlien Mf = 0 we have the points of eontra-llexiivc, - 

*. J2 T 2“ ^ ' 


Whence 


- \/A)/-=-21U. 


..(4). 


or the points of contra -flexing are *21 1/ from the point of fivin. 
From (1) and (.'!) — 


i\if - FA 


d^v K\r- ti'fx 


12 ■^ '•2 

Integrating between iJie limits 0 and ,r - 


(Ir tr , 



un,l V - 1 -'•'■"’1 


U'i (1 


JiJ \ 21 24 12 7 


Putting a* = ~ , to find tlie inaxiinum dcfIocti<in at the ecntie 

W/’. 


. _ 70 / I* \ 

' iU V^ix4 + 24x 10 r2‘;.s/ K1 


( 0 ). 


• wv 

From (4) wo sec tliat tlie AJ; at tlio centre is - , from (5) we see tlnit 


tlic Mfl- (at the point of fixing) is y\/ » and from (t») we see thiit the niaxiinuni 

deflection = , as in 'Fiible I. 

litX 


1 ) 



liolalion U'- 
twe<*n (Mirvt'H 
of loa<l, si Hear- 
ing stress, iVlf, 
sloix'H, and 
olastio (iurvc 
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APPENDIX IT. • " 

Ah the relation hot ween Jthe eurvo and the actual clastic curve produce»l 
hy the dcMcetion of a loadtul I)eani has hecn alluded to in the text, it is 
])Ct hapH httini' that this matter should here he more fully investigated, os it is 
not f>nly interesting, hut of practical value. 

^riui curves reprf senled hyi(l) the load on a beam ; (*2), the shearing stress 
produced hy tliat load ; (3), the Moments of Elexure or Resistance ; (4), the 
jslopcs or angles foirned wil^i the beam lino by the deflected beam at each 
poitit ; and (o) the actual ekstic curve of the beam, are related to each other 
in regular stMjiumce. Each is derived from the one before it hy a proce. s of 
int(*gr<itiou. 

Tliis suhj(;cj has Imm'h ])ointed out ])y several writers. The application of it 
in a gi’aphic f<ji lu is the subject of an article in the R.E. Journal for August, 
hSJlT, l)\fc Major II, 1). Lov'c, R.E., from which extracts ai'C given below. 

In VI., Part 1., p. 112, it was demonstrated that if 8 be the shearing 

sliess at any |)oint of a loadecj beam, aiul *Mf the Moment of Elexure, tlieii 

• fir ’ ‘ 

r 

<>r Mf - the integral of the shearing stress. Again, it ,was shown on p. 127 
that till' fundan)(;nlaDi*(piation for computing the slope and dctlcction of a 
loaded beam is 

c 

El“dx‘^* 

r>y fine int(*gralioii of thisw'c find the slope whoso tangent 

second integration we find tlie value of the deflection /' at distance r from the 
oi‘igin. One of the eo-oidinate axe.s is a tangent the curve at the oiigin. 

From these tacts see that th(5 live (uirves of load, shearing, bending 
moment, slope, and iletUsdion form a contiiuious series. 

To take tiu? simplest example, vi/., for a beam of uniform ert>ss section 
sn])portcd at both ends aiul loaded in the tentre. 

4Mio cur\e of load {Ftfj. 41) is simjily one ordinate, enclosing no area, the 

I 

; { 

w 

I 

I 


Fiff. 41. 




shearing stress diagram is therefore a curve with ordinates of constant value 
when each — ^\V {Fi<j. 42). 
f 
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multiplied by a constant which varies obviously with the material and shape 
of the cross section. ^I'his may be proved to be ^ . 

• rjL 

Ji’or the deflieetion curve li" is taken as tlic origin, since the “deflection there 
i8=;0, and the maximum deflection at the centre will be represented by the 
area of the .semi-jmrabpla, i.e. — 




w/-‘ 


<8ee Table XIX., j). 129, Part 1.). This curve is shown in Fig* 45. 



If tl« section of the beam is not uniform, tlie ordinates of the curve must 
bo reduced 'in th<j propoi tion I:Io» w’here I<, is the Moment of Inertia at the 
divturn section, ^ • 

IC\ VMrijK 2. — Find fhe n nival deflection of a uniform hcam loaded sym- 
metrically tcith the egnal ioad'< (see CVisv- S, p. 72, *’nd Example 11, p, 105, 
Part /. ). 

Fig. 4(i is curve, and Fig. 47 the curve of sfopes, for lialf tlie beam. 


D 




Tfie triangle O'C'D' (Fig. 47) is the graphic integral of the rectangular 
portion OCJD (Fig. 40) of the Mf curve, and t.ie parabola D'KF that of the 
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triangular portion in Fig. 46. The whole figure A'O'D'E {Fig. 47) is the 
^aphic integral of the Mf curve. The area of Fig. 47 


= 8^xa + Wa% + Wai . ^ = (2a0 + 6a6 + .W). 


Substituting \l- a for h — 


Wa 
24 El 


( 3 ^ 2 - 4 ^ 2 ). 


It may further be proved that the intersection qf any two tangents to the 
M, curve must lie in the vertical through the c.g. ot the intervening portion 
•of ilie load. For instance, in Fig. 48 let AB ropi*esent a cantilever ’uniformly 
loaded (as on p. 64, Part I.). Tiie diagram of moments is shown on the lower 
part of the figure. The tangent at d 
intersects the line ah vcrtic'ally below 


the centre of gravity of the loatl. '^J’his 
properly connects the curves of l«ad 
4ind bonding moments. Hence a similar 
property must iiold good for the 
•curve ifrul the deflection curve, i.e.y any 
two tangents to. tlic doflc<;tion curve 
must intersect vertically below the c,.g. 
of the (.‘orresponding area of the Mf cu?‘ve. 

This may be j)racticall^ applied to 
sueli examples as the foljowing : — 

ExAMi'iiK 3 . — A hoam of 

'inrtform section cfirries a singfc load at 
finy jioint. Find the deflection at the. load. 

Ill Fig, 40 AOBO is tlie curve ; 

Af) — a, BO OO' is unknown 



Fig. 48 . 


deflection, AT', B'T", 


T'T" are the tangents to tlic deflection curve at A, B, 



Fig. 49 . 


And O respeoti v^ely, and y^, are the distances below the supports of the 
tangent T'T", and x tJie Jiori^ontal distance of T' from A. 
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The area AOC^ — S measures the langciil at A, viz., and T' is vertically 

e a: 

under the c.g. of the aiea S. 

* ' -= i M„ v: « X H « X j -7 • 


w.i • 


Similarly 
Hence 

V =00' _ 
« ( /. 3E1(« + M' ' t ' 3|,’£ 3KI (« + /-) 


K\AMi*nK t. — ji HtnJ'nnii hvani i'< fixed (it ou(‘ end (iiid siipjiortid at the other. 
/' md the y>\{at tfu' fixed < nd - (1), /h/* vi-ntral load : and (2) for ninf 'orni fond. 

(1). Ccnli-al load (/V//. r>(t). jjct Ai3(> l)c the oiii’ve for tlie beam it 
siippoited only, AIJI) the eif :\e for lixafion. Tlien the a* Inal Mf curve is tin* 
shaded area, which ^\ e nKi> c*all S. Let the distance of its i-.g. ^lom b he x. 


C 



'rill ,S:i- = i Mf/ X - i Ma/ X .ij /. 

« Hilt the tangent at A, heing horizontal,’ must intersect the tangent at B in-, 
the point H; /..r — d. » t c 

Ma Y M,= V . I — = 1^6 W/. 

, (2). Uniform load {Fa/, ol). 

S.r- r; ^ = 


Ma 




\y/ 

'8 ■ 


The Tlieorein of Three Moments may he derived from the above property of 
the intersection of the tangents.* 


CotteriU’s Applied Metdianics., p. Notation alt(*rod to suit fca-egoing. 
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Lot AilO\ Jr»I)0' {Fi(j. .~>2) be the curves tliic to the load on two span> 
A()', liO' of a boain AOB, con- 
tinuous over thvee supports 
A, O, ]>, ami let the centre 
supptirt be below tlie other two 
by the small (piari'tit y V. 

" The bending moments at A, 

(), an<l L are represented by 
AK, O'L and BF. 

Tlie curves ACO' and BIK)' 

I epreseiil ing tlie (Mirvcs for 51 

t‘ach span when supported only, 

the actual Mf <liagrain will bo, as befoi-c, re]>icsontcd by the inttu’e-ept 
lietweon the line KLF and those <‘urvos. ^ ^ ^ 

T\iv curve AOJ^ is the defleetion cur\m, AT, B'l^ aic the tangents at»A and 
1>, and TOT' is tlie tangent at O, inteweeting AT,^V_r in the ]>oints 

Let ff represent the area of curve AC/O', aiul la* the s])an AO' ; .siinilail\', 
let h re]>r(‘soiit the area O'DB and /.^the’leiiglli t>'l>. It tlu' loa<l on these 
lengths“be tr pi'r unit of length, the enr\es fire ]jarabolas and the area ^ 

o f if'/ ff'/ 1*’ I • it'/ I ’ ^ • 

X ' — - ’ , an<l //-'.•* • 

^ H l!> ' ll> 



Now let 7A be the angle* between the taiigenis at () and A, and S the 
dilTermu e of the tuo aieVs, ^ 

tin* curve ACO' and the C D 

trapezium BO', tlien, as "N. 

s Ary 

7x = |/| * ^ /f ^ \ 

Let. tlie lioi izontal dis- ^ 
taiK;e of the c.g. of S from 

A lie j', then, as hefoie, tln^ • ^'V/* 

horizontal #listant;(* of 'P ^ ^ 

from A is also u:. IlfWiec if be tlih vertical ilistanee of the tangent from A, 
as before — ^ 

' __ 

Kl ■ 


To find a’, let be tlie hoiizoutal distance of the centre of gravity of ACO' 
from A, rtieii • 

Sa = ax,^ - ^1 X ^ = aa\ - i M(/i- - M i/r» 


whence we find the value of y.^, and yi„ and the corresponding distance of B front 
-the same tangent, is written by a change of letters. 
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If V he the central deflection — 


/, ■ ' ’ 



hence, dividing the valueH of and yu hy /j and resjiectivcly, and ad<ling, 
^ we Imv'e, wlieii V — 0, /.c. wlieii all supjAirts are level — 


n + 1, M , (/, + /„)-{ M„ /, - i M, =0, 

c. 


whirli is the gcneial form of the K(|iiation of "J'Jiree Moments, and from it 
<*itl)cj- of th(‘ forms on ]). ‘J4 may he clerivcd. 

For Mistance, if flie load he uniform, and 


■W’C have 


^r/," 

12 


i ■ "'K y- i - (/, + /.,) - j Nr,. - 4 M, .-= 0 , 


Mu /, -I 2M, (/, +/,,) + M,/.,-i \ 0, 

as on p. 24, K(juation (ii.). ^ 



CHAPTER II. 


Effect of Eolling Loads on Beams. 

i'^onvcntioiial Methods of Considering Loads.— Dynamic Kfiect. —Unit Loads 
in Knglisli Railways. — Static Fftccts in Various Cases. —Kxainplc.s. — 

Lateral Kftect. — Centrifugal Force.s. — -*Wind Vresanre. — Irtipaet* in 
Dolling Loads. — Appendix. . • * 

• ♦ 

liKFOFiE considering the details of the design of hridge.s, it is first Kn ccr or 
neccssai’Y to devote some attention to the effect of rolling loads,* and 
■of live loads generally. • 

In a highway bridge* the greatest loads tire |>rodiK*c<J either by a Loads on 
<lense crowd of human beings over the Avhole bridge, taken tit ti live i>i.7dgrs! 
load of 70 to 80, or dead icuid of 140 to 100 lbs. (many authorities 
consider that 80 lbs. is quite sufficient, especially in eomitiy districts), 
per scpiarc foot, distributed alf over, or by ti steam roller or tniction 
engine. The weights of the latter are usuallj', in England, 9 tons 
on the rear and .*1), tons on the forward a?de, the axles being lOA feet 
aj)ai*t. This weight has, hotfever, been recently exceeded, and it is 
less than the weights allowed in America (15 tons total ; 0 tons on 
forward and 9 tons on rear axle, 1 1 feet apart). 

If a traction engine were crossing a bridge, other weights, sncli as TrajUiMi 
the few foot passengers that might be on the bridge at the time, ' 
would not add appreciably to the load. , 

In iailwa 3 (« i**’ common to c<^risidcr tlie , distributed load, which ItaiAvavs - 
would bT5 C(|uivalent to the most u^favonra'ole ])o.sili()n of the actual ,\*f MaisiUt nu^ 
wheel loads of the heaviest engines and trains passing over the 
bridge. \o doubt the rolling load is distributoil on the main • 

girders by means of the rails, sleepers, cro^s girders, etc. 

Another method is to consider the position of the wheel loads of 
two of t in? heaviest* engines in use, which j)roduce the maximum 
stress in each particular member of tile structure. This method has 

^ * This cliapter is })asc(l partl.y on information given in Anglin’s o/’ 

Stnicfiircs, partly on The Theory and J^ractive oj' Framed Struct ui t s, by 
Johnson, Turncabre and Bryan. 
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« licet. 


the disadvantage that, although exact for any particular engines, it 
would not apply tp others, and there are always several classes in 
use on any line. 

Another nn^thod adopted in America consists in considering the 
train load uniformly distrihiited over the structure, witli an excess 
allowed for a certain length at the head of the train for the engina 
a!id tender. 

• Dt/iKimir KUtrt. 

Apart from the fact that the permanent way tends to spread the 
weight uniformly, it must he remembered that the distribution of 
load whicli obtains when an engine is at rest does not continue when 
it is ]*uf)ning at high speeH. Any irregularities in the permanent 
way cause variations.^ d’hc'actipn of the mechanism, the oscillation 
caused by the plunging and rapidly-moving mass, tlie diUcrcnce of 
weights according to whether the engine is running in bacdcward or 
hn'ward gear, all t<;nd to })rdducc varying pressui'es at different axles,, 
and to render nugatory calculations based upon the distribution of 
weights when the engine is stationary. 

In Cliaptei* VIL, Part 1., tlie method ^of ealculating the maxima 
stresses in the jhuuff'^ of bridges from the consideration of the 
observed dellcctiou under passing lo.^ds is mentioned. This, how- 
ever, is only approximately a]>plieal)lc, for not only do the web 
members modify the result, but the reitei’atcd incidence of the 
wheels upon the cross girders of a bi idge l)riiigs e.xcosses on the 
track at regular intervals which may correspond to the periods of 
vibration just in the same way as troops marching in step across a 
field bridge cause l)otli increased vertical and lateral oscillation.* 

Besides, it must be borne in mind that some of the web members 
in a bridge may be struts. These may be just on the point of failure 
by lateral flexure, or may have actpally failed by combined bending 
:irid crushing, and yet no indication of this is seen in the deflection’ 
as a whole. Hence deflection is not, per sc, a reliable indication of 
the strength of the whole structure. 

The defleetic )f railwav bridges under live loads are a])out 
20 per cent, greater than with the ^ame load standing on the 
bridge. The amount depends, of course, on the s])ood <:ind on the 
smoothness of tlie road, for it will be readily understood that a 
hadly-laid track causes impact and sudden blows, which are far 

* 8ee Appendix to lliis cluij)tcr, 
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more dangerous to the structure than any other form of load. 
Again, as energy mass x square of velocity, the speed of passing 
loads has a very marked effect on tlie stresses [)roduccd. 

It is possible, practically, to work out bridge stresses on the basis 
of equivalent loads producing uniform distribution, wi^iout producing 
-excessive errors. It will be evident, however, tliat the unit for any 
given class of rolling stock must be greater in the case of a short span 
than in the case of a long span. For instance, nu ex])rcss engine on 
the Midland Kailway weighs 78 tons, and is 5-J' 5" long (Fif/. 53). 
On a 50' bridge this weight, equally distributed, would give 1*55 tons 
per foot run. On a 10' bridge, however, the greab'st weight that 
could be brought on it would be whev the driving and .trailing 
wheels, which are 10' apart, are over the s^an. 'FIig weight.>? on 
these wheels amount to 29 tons, thus producing, if uniformly dis- 
tributed, a stress of 3 tons per foot. 



Sir K. Baker gives the following unit live loads for various sjntns 


ill English railways ; — 

For a 1*0' span 

’ ... 3 • 

tons per 

foot 

run 

,* 20' „ .. 

2*4 

jj 

) » 

yy 

„ 30' „ ... 

... 2*10 

jy j j 

5? 

yy 

„ 60' ., ... 

... 1*50 

j) 

}> 

yy 

„ 100' „ ... 

... 1*375 

■») 

5> 

yy 

„ ^150' „ . . 

... 1*25 


yy 

yy 

„ 200' „ ... 

... M25 

yy >y 

yy 

yy 

„ 300 „ ... 

... 1*000 

»> ? » 

,, 

yy 


These are in accord with Fnglish jmictice generally. On the 
Indian broad gauge (5' 6") lines these weights would have to be 


K(^ui\alenl 
iiuifonn Idiu]*- 


load 

for 
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fc^tatic effect. 


< 1. iSiiicrle 

l(Va(l. 


slightly increased, and on the metre gauge sensibly diminished. The 
heaviest types of .engines now used abroad weigh as much as 100 
tons, with a total wheel base of 54 J feet. • The greatest load on a 
10' span would be 51 tons. 

Although the uniform rolling load may be taken, as just shown, 
for the main girders of a bridge, it would not be correct to use the 
same quantity for determining thp stresses in the cross girders, longi- 
tudinals, etc. Each of these must be considered separately with 
reference to the weights of the heaviest engines that may come upon 
them. Mr. Claxton Fuller gives the following rule for the spacing 
of cios.s gilders : — Let h be the distance apart in feet, Q, = weight on 
driving-axle, and (/ = greatest intensity of engine load per foot of 

wheel base. Then "“Thus, if the engine wheels were spaced 

at uniform distances of 6 feet, with a load of 15 tons on each axle, 
the cross girders might Ijfe spaced at 6 feet centres, and their 
mjiximum load would then be 15 tons, an amount which evidently 
could not be induced by any closer spacing, and would be only 
slightly increased if a wider sj)acing were adopted. For constructive 
reasons a wider spacing would generally be still more economical.'^* 

<• 

Static Ejfkt in rariom Cases. 

It will be well now to examine the static transverse moments on- 
simple beams caused by loads passing, across. The notation here 
adopted is Mf— bending moment produced at any section by the 
load in any position. maximum bending moment produced at 

it given section during the passage of the load. Mfff=thc maximum 
bending moment produced in the beam by the passing load. 

Cask 1 . — Beam sappaied at hath ends, with a single load rolline^ 
across (Fig. 54). 



* Treatise on Bridge Construction, p. 208. 
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The reactions are 


and 


I 


Rb - ~ 


^yx 


For any position of the load ciistant x from A the Mff will he 

W ' 

directly under it and = -j - .r-), which is the equation to a 

V 

parabola. 

At the centre, where x — Mfff = ^ 

The curve of moments will, tlierefore, be represented by a parabola 
passing through the points of support, and the central ordinate 

As regards shearing^ when the load is at cither^ abutment, the 
reaction, and, therefore, the positive shearing stress at that abutment, 
will be = W, and at th(J other = 0. When the load is at the centre, 
the reaction and both p’ositiv^ and negative shearing forces - iW. 
Hence the diagram of shearijjg stress will be as shown on Fig, 55, 
the ordinate at any point from the beam line, above or ]>clow, 
representing the maximum shear at that point, positive or negative. 



Case ‘l.-^Beam supported both ends, load uniform, hut of length less 
than the span. 

Let a {Fig. 56) = length of load, = distance of any section AA' 
from one abutment, :« = distance of the c.g. of the load from AA' 
and t4; = unit of weight of the load. 


2. Lf)juf 
iinifonn of 
It'ws 

than si)an. 
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Then at 



F\q, 56, 
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which is the familiar expression for the in a beam supported at 
both ends and uniformly loaded (Case 9, Chapter IV., Part I.). 

’ Equations (y) and (c^) may be represented gfaphically by drawing 
an ordinate from the centre, of length == (r), and describing a parabola 
through it and the points of support {Fig. 56). 

As regards shearing stress for a moving uniform Idad, the maximum Sliearing 
positive shear at any point N {Fig. 57) occurs when all possible 
loads arc added to the right, and when tlii^e are no loads to the ^ 
left; for adding a load to the right increases the left reaction, and, 



therefore, the ])o.sitive sh !ar. On the other hand, when the load 
has passed to the left, still covering the light portion, the increment 
to the left causes a negative shear to be set up. 1 lenccj the maximum 
shear at any point is when the head of the load has advanced to 
that point. The value of the positive shear at N 

When the whole load has just come on the beam I and the 

shearing stress This is the equation to a parabola witli 


vertex at right end, and maximum ordinate = at a distance a 

from the vertex. Beyond that distance, i.c,, for any point at any 
position measured from A, the shearing stress 


'Lva 




— wa 


wa.x^ wti^ 

~T~ “ 2T ’ 


E 
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i.e,f the curve becomes a straight line tangential to the parabola 
(Fig, 57). If be measured from the point B, the positive shear 

__ wax^ wet^ 

1 / 


Combined 

movingr and 
dead load. 
Shearing 
i*tre8a. 


When the load has advanced over the whole beam, the positive 
shearing stresses produced by the load in its passage are represented 
by a parabolic curve, fpand by laying off at each abutment an ordinate 

= . Where the length of the load a is less than set off BD = d,. 

and draw DD' to the curve. From D' draw B'E tangential to the 
curve. ED'B gives the diagram of positive shearing stress, and a 
simiijir inverted diagram gives the negative shearing stress {Fig, 57). 

Where the beam is subjected to both a dead and a live load, the 
one uniform throughout (as in the case of the dead weight of a 
bridge), the other moving from one side to the other (as in the case 
of ‘passing trains), the maximum positive and negative shears are 
found by combining the shears due to each system of loading. In 
Fig, 58 EF represents the shears duo to the dead load (Case 10, 
p. 114, Part 1.), and COB, AO'D rcpreseiit the shears due to the 
rolling load. The maximum positive shears are found graphically 
by adding to the ordinates of EF those ‘of CB, giving the curve C'F^ 
This curve crosses the axis at G, the dead load negative shears to- 
the right of this iDoint being greater than the live load positive shears. 
Similarly for the negative shears. Between H and G both kinds of 
shear are possible. The dotted line C'D' represents the shear that 
takes place when the whole rolling load is stationary on the bridge. 
It will be observed that the ordinates from AB to C'O and D'O' do- 
not differ much from those to the dotted line C'D' except for a short 
distance in the centre. In Fig. 58 the live load has been drawn of 
greater magnitude tlian the dead loacj,. The difference between the 
ordinates to the curve C'O and to the dotted line would be still less- 
if the live load were diminished. Hence wo conclude that in a 
bridge of consideral)le span, such as that constructed for the passage 
of troops, where the dead load is relatively great, we may usually 
calculate the shearing .stress on the assv nption that the whole bridge 
is covered with a uniform load. 

As illustrating the foregoing we may take the following 
example : — 

Ex?ajviple 5. An engine 20' long, with a weight of 3 tons per foot 
rui\ conies on a 50' bridge. Find (a) the Ms o,t 15' from one abutment 
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aTui ^position of the load ; (b), the at the centre and the position 
of the load ; and (c) the shearing stress at fr^ the centre. 



Fig. 58. 


(rt). The Mff at 15' is found from e([uatioii (y). Substituting 
values — 

Mff = (50' - 16') (100' - 20') 

= 504 foot-tons. 

The position of the centre of the load is found from (ft). 


a; = -.^^{50~(2x 15)} = 4, 

2 X 50 ^ ^ /i » 

i.e., the distance of the centre of the load from the left abutment, 
when the Mf at 15' is a maxiruum, is 15' + 4'= 19 feet. 

£ 2 « 
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(b).. At the centre, from (c ) — 

M„f = {(2 X 50) - 20} = 600 foot-tons, 


and 


20 {50 - (2 X 25)} ^ 

2 X 50 ' “ 


r 


i.r.] the centre of the load is directly over the centre of the beam. 

(3). As 15' from the centre is 10' from one abutment, the 
maximum shearing stress will be when I = 50, a — 20, and a; — 40, and 
is 


u'd^ tvax 

'll 'r 


3x20x 20 3x20x40 
OOO” 50~ 


— 36 tons. 


tVf.sr .‘i. Two 
or inon* loads 
atafixod 
distaiKMi 
apart. 


Case 3. -Beama siq^jjorted, ivp6<<ed to rolliog load of two equal or 
unequal weighU at a fixed distance apart. This would tw the case with 
the wheels of a trueJe, or a gun aiuT limber, etc. The will evidentlg 
occur either wider one of the loads or between them, at some point, for ang 
imposition. 

Let Wj, Wo represent the loads, a the distance between them. 
Let Fig, 59 re[)rescnt the loads in any position. Take a point F in 



Fig, 59. 


the beam such that AF.’FB; ; ; Wo, and consider the Mf on any 

section between A and F. Let .f^==the distance from A of such a 
{section. When AVj comes on this section — 

- w, (^-^) + w, , 

(„). 


and at x 
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Simijarly for any section between F and B, measured from A, 
when Wg comes on this section — 


= {(Wj + W.) (/-i-,)! 






Differentiate (a) for a maximum — 


Hence 


- 2.r) - I'V ^ 0. 

dsc If ii 

. I Y,\a 


2 2(Wi + W„) ' 

Similarly differentiating (/3) for a maximum- 


■(r). 


Lt'JC V if 


and 


Wi« 

2 2(\V,+ \\Q 


(<> 


Ilencc the distances of the positions of maxima bending moments 
may be measured froni^the centre, and are, for tlio left portion, 

and for the^ right portion . But the 


2 (Wi + Wg) ’ 


2(W,+ \Vg) 


W a W a 

expressions \\f — represent the distances of and 

w I + vv 2 vv ^ + vv 2 

respectively from theff* common centre of gravit 3 ^ ITcnce we 
see that tlie Mff^ will be when the point miilway between the 
common centre of gravity and the heavier of the two loads is over 
the centre of the beam, and is under the heavier load. 

When the loads are equal, as in the case of a railway truck — 


Z Wa L 

2 2^VV+W) *2 I' 

Hence the position of the Mf^ ^Vill be on either side of the centre, 
and at a distance ^ la from the centre. 

Graphically, the diagram of moments ma^^ ]:)c represented by first 
finding the position of the maxima bending moments as in (y) and 
(c), and* then drawing ordinates, the values of which ai*e obtained 
by substituting in (a) and (/3) the values of x and found in (y) and 
(^). In any actual case the substitution of these values presents no 
difficult}^, although algebraically it gives a somewhat lengthy 
equation. 
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. To illustrate the foregoing we may take a few examples : — 

at Example 6. A bridge 30' span is traversed hy a truck with wheels 

fixed ** 10' apart^ and loaded Vnth 5 tmis on each wheel. Find the value and 

distances. position of the maximum Moment of Flexure, 

Here = Wg ~ 5 tons. 


a- 10'. 


Then equation (y) 'Womes x= IT) ^ = 12*5 feet. This 

gives the position of Mf^. Substituting this value in (a)~ :i^ ^ 

Mnr= {(5 + 5) 17-5 - (5 x 10)} = 52-08 foot-tons. 

Example 7. A truck loifh '^ tons on one wheel, 7 ions on ike other, 
and axles 8 feet apart, is crossing the same bridge as in the former example 
{span 30'). Find the value and position of the Mfff, and draw the curve 
of moments. Here 

W^ = 7, Wo = 3, a = 8, / = 30 

< «> 

From (y) and {c) the positions of the are 


x=15- 


2(3 + 7)’ 

7 x8 
2 (3 + 7) 


= 13*8 feet, 




The points of Mff arc on cither side of the centre 

15 -13 *8= 1*2', 
and , 17*8 -15 = 2*8'. 

Substituting the values of x and :i\ in (a) and (/3), in the left half 
of the beam — 


Mfl.= !(Wi + W,) (I - X) - W,«} ■ 


, {10 X 1 6-2 - (3 X 8)} = 63-48 foot-tons, 


and in the right half 






(i-lBi) 


~ (10 X 12-2) - 12-2 = 49-3 foot-totts. 
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The,Mfff is, therefore, in the left half of the beam, at a distance 
1*2 feet from the centre, with value = 63*48 foot-tons. 

Graphically, this would be as represented ih Fig, 60, the curves 
being parabolas passing through one end of the beam line and tho 
maximum ordinate at each of the two positions of Mjf. In this 



t • • • 

•example the heavier of the two loads is in rear when the bridge is 
crossed from left to right, and vice rersd. As the truck may bo 
reversed, the bridge *must •be designed to take the greatest loads 
coming in either direction ; it would be necessary to consider the 
curve of moments as shown in dottcil lines, i.c.^ on the right a 
repetition of the left or muximum curve. 

Shearing Stress. 

For two loads W, and Wt, the maximum ])Ositivc shearing ^bearing 

A ^ ^ ^ O lOF t^VO 

stress at any point is {Fig. 61) when \V^ is just to the right of that ioacisat afixed 

\Y distance*. * 

point. The shear due to at a: is ^ —r {I - j'), being the reaction , 

• • 

produced by Wj at A. The stresses produced by are representctl 
graphically by the line CB, where AC = WY 
The shear duo to Wg when is at x is 

{Z-(xV0J- 

• 

When x — l^a this = 0, and when x— -aitis = W 2 . Hence by 
•drawing AG= -^a, and BF also = a, (AF = ^--rt), and drawing the 
•ordinate GE = Wg, we get the line EF = the graphic representation 
-of the shear due to Wg. The total shear due to both weights is the 
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Effect of 

centrifugal 

force. 


sum of those produced by each singly. Then by making CI = AL, 
and taking a point K vertically above F, we get the positive shear- 
ing stress diagram lICB. The negative shearing stress diagram will 
be similar, but inverted. It would not be an equal diagram unless 
the loads were e(j[ual, but it would be found by a precisely similar 
process. 




^ For three loads the diagram becomes I'K'B, and if the loads arc 
equal the curve approaches a parabola in the limit when tne load is 
uniform all over. * 

Lateral El/'eel.^ 

We have still to consider the lateral i)ressurc arising from the 
centrifugal force due to loads movin g in a curve and from wind 
pressure. There arc also inttetorminate stresses due to oscillations in 
the passing load. This total lateral pressure must be resisted by 
horizontal bracing. 

* Chiefly from Modern Framed Structures, by Professors Johnson, Turucaure, 
and Bryan. 
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As regards centrifugal force, the amount F of a weight P moving 
in a radius ?* is = — x' P. • 

If the radius r is expressed in the tlegrecs^ D of a curve with * 
chords of 100', r = where 5730 = radius in ffct of a 1° curve, 

and since ^==32*2 feet per second = 79,100 miles per 

hour, we have 


F = 


X 52S0 

5730 X 79100 


xP-=:-0000117//-I)P-Z;P, 


where V is in miles per hour, 1) = degree of curve, V and.F aiiO in 
tons. ^ • • 

Fi(/, 62 represents a transverse section of a^Dridgc. Tlie c.g. of the 
load is at G, with an eccentricity e, 
l^artly •caused by curvature of the 
track, and partly duetto tlie horizontal 
displacement caused by sujjcrclevation 
of the rails, or one rail in a single line. 

The line DD' is the cciftre of a cross 
girder or beam. AA' arij CC' are 
lateral struts. 

The loads P and F, caused by the 
dead weight and the ceiitigfugal force, 
are transmitted to the cross ginler, and 
thence to the verticals at DD'. Fi(j. 63 
shows the cross girder with reactions. 

The horizontal reactions are 
F 

each ^ , assuming them to be 

equal.^ Tfie portion of tlnftc 
forces taken by the lower laterals 

will be F X and the ijor- 

h ’ ^ 

tion at the upper laterals 
Fx^, oric-half of each being applied at each side. The Mf at D 

and D' are = . 

2 A 

* T'his refers to the American practice of laying out curves, a practice,, 
however, which is universally adopted in India. 
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If the moving load is taken as uniform, F and P are the 
same for all parts, but if wheel loads are taken, F and P vary. 
Since F is a constant function of P for any one problem, 
•the maximum moments and shears in the lateral systems, due 
to centrifugal force, will be a constant function of the maximum 
moments and shears in a vertical truss due to the actual wheel 
loads. Hence for the lower laterals, to get the maximum moments 

and shears, multii)ly those found in the vertical truss by k , 

and for the u[)pcr laterals multiply by Ic 2 . The maximum value of 

F — maximum vertical door beam load x k. 

Usiiall/oiie of the lateral systems lies practically in the plane of 
the floor beams or crogs girders, .in which case the' whole of F is 
carried by this one lateral system, and the verticals receive no bend- 
ing moment. 

The vertical main trusses suj)ply the reactions V and V'. Taking 
^mom.ents about we have • 



and since the sum of the vertical components =>= 0 — 
V' = p 


From these two equations we see that the inner truss receives its 
maximum load for a minimum value of k, i.e., when the line is 
straight ; and that the outer truss receives its maximum load for 
a maximum value oih • • * 

If there are longitudinals at liD', each will receive a lateral 
moment and shear equal to k times the maximum vertical moment 
and ^hear due to half the actual wheel loads. This moment is 
taken by the upper flange# and add', io its stress, and the shear 
necessitates extra rivets to fasten the longitudinal to the cross 
girder. 

Wind Pressure. 

lateral wind The subject of wind pressure o. . s1;rii^ures has been considered 
bridges? in Part I., pp. 233 et seq.^ in its general bearings, and specially in 



59 


•connection witk the design of roofs. It remains to consider this 
matter as influencing the design of bridges.* 

’ The exposed area of the span of a bridge consists of the exposed 
vertical surface of the windward girder, of the floor system, and of ■ 
the leeward girder (or at least so much of it as is not completely 
and closely sheltered by the train). In addition to this, there is the 
surface of a train on the bridge, reckoned at 10' high and with 
its bottom 2*5' above the rails. The wind prt^surc on this may be 
taken at 30 lbs. per square foot. 

On ordinary heavy railway bridges the exposed areas per linear 
foot may be roughly estimated at 10 square feet for the train, 

1 square foot for the ends of the sleepers and sides of the guard rails, 

4 square feet for the longitudinal floor girders, and 5 scpiai’e fept for 
each truss or main girder, or a tot^il of* 10 t^ 14 square feet for the 
dead wind load on the two trusses and floor. 

In ordinary double track raily^ay bridges, with vertical wind 
bracing, the weight of this bracing for both trusses may be roughly 
estimated at • , . . , 

~ y'""} L5 track, 

where length in feet, N =^number of panels, p = panel length in 
feet, — breadth of the bridge in feet. 

As the wind may blow, from cither direction, some of the members 
of the bracing may be called upon to bear alternate tensile or com- 
pressive stress. Counter-bracing may be necessary to prevent this, 
as will be presently shown. Where there arc members thus subject 
to alternate stress, they should be designed to resist either class of 
stress, and the factor of safety should bo large, on account of the 
•<leterioratiori produced by reversal of stress. 

Vertical kteral bracing is often introduced between the vertical V^^rtlcal m drl 
posts qf the main girders at panel points,* in order to ])revent the 
inde[)endciit lateral vibration anti swaying of vortical trusses, also 
to stiffen the long vertical posts, and assist in carrying some of the 
wind stresses to the leeward girder. • 

The modifications due to diagonal dirdfctions of the wind, i.c., when 
blowing yi directions neither horizontal, nor exactly normal to the 
-axis of the bridge, must be considered. The uplifting pressure is 

* The treatment of the subject hero given is largely taken from a paper by 
Captain W. H. Bixby, U.S. Engineers, published in 1895, and also from 
Minutes of Proceedinrjs, Instituti<m of Civil migiiheers, Y o\. LXIX. 
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Sudden gust.' . 

> 


I’rovi^ions f(»v 
wind ])reHsun-, 


generally met by so arranging the flooring that it may be torn 
up from the floor girders before the upward lift of the wind 
becomes great enough to throw serious strain upon the main 
' girders. 

Downwurd jire.^fiure is of comparativel}’^ rare occurrence and little 
force, and need not be considered. 

The greatest strains will usually come on a bridge whore the wind 
is blowing horizontal I3’ and normal* to the line of the bridge. But 
as a considerable deviation from the normal must take place before 
the pressure is sensibly diminished (see Fig. 212, p. 258, Part I.), 
a diagonal wind may dejuivc the leeward girders of the advantage of 
shelter which they would hjive had from the windward girders if 
the wind had been truly normal. Thus a diagonal wind may cause 
greater strains than a n^urmar wind. Therefore', if the strain on a 
bridge be computed from that of a normal wind, the eflectivc area 
of all vertical trusses must include at least all surfaces that may be 
reached by diagonal winds of about 45” angle. This of itself will 
cusually prevent ^tho necessity of considering the eflect of any 
possible shelter by any verticals or diagonals in braced girders. 

As regards gusts, and the sudden press4ircs thereby brought on 
the bridge, it seems reasonable to assume that these will not extend 
atone time over more than GOO' to 1,000' lengtli of any bridge, 
and such pressure should bo treated as any other live load. As 
the maximum pressure of gusts during storms of maximum intensity 
will occur so rarely, and the strain of the metal will therefore be so- 
slight, it seems reasonable in such cases to allow the stress to reach 
nearly the elastic limit of the material. 

Consequently it would seem that wind pressures would be 
amply provided for by allowing for (1) a dead load wind pressure 
the average steady pressure of high winds over the entire effective 
area of the bridge witli* the trains on it; (2), a live* load wind 
pressure of 50 lbs. j^er square fqot over from 600' to 1,000' in 
length of the bridge, and 30 lbs. per scpiare foot on the remainder. 
If tlv3 shape or form wdiich the members present to the wind action 
is not rectangular (for iiista^nce, round tie bars presenting a cylin- 
drical sha[)e) the effect of the wind ^^ressure might be modified 
accordingly (sec p. 23G, Part L), though as a rule this is dot taken 
into account in practice. 

Sir Benjamin BakePs Forth Bridge experiments have shown that 
the average pressure on a large surface is much less than the 
maximum pressure exerted on small portions of it. Thus the 
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average pressure on a surface 20' x 15' was found to be not more 
than 66 per cent, of that on a small surface I J square feet. 

\ The Committee of the Board of Trade, which considered the Board of 
subject after the destruction of the Tay Bridge, recommended : — mles. 

1. That in exposed situations the maximum ])ressure to be 
provided shall be 56 lbs. per square foot of surface.* 

2. That for open lattice work the surface on which this pressure 
acts should be from once to twice the front^jjirea, according to the " 
o])enings in the lattices. 

3. That for iron or steel work a factor of safety of 4 should be 
provided, and considering the tendency of the bridge as a whole to 
be overturned, a factor of safety of 2 should l)c provided. 

We may now consider the arrangement of the bracing.^ ^ The A nan^omfnt 
main girders should be braced together in^ a liorizontal direction 
in such a way as to transmit to the abutments the horizontal 
pressure. Where the roadway of ^ the bridge is on the u[)])cr booms ' 
it is possiide to construct the bridge with horizontal bracing ])oth^n 
the door of tlie bridge and between the lower J)ooms, as well as^ 
vertical sway bracing betAvecn the panels. But wliei’e the flooring 
of the bridge is on the lg.wcr daiiges or booms, it is oidy possible to 
have this doubhj system of bracing when the depth of the girder is 
sufficiently great to allow ot headroom over the roadway and under 
the upper bracing — a state of affairs which in JCnglish ])ractice is 
comparatively rare. If the floor of the bridge consists of wrought- 
iron or steel trougbing, or plates resting on ci’oss girders, or brick 
arches, or any similar construction, such flooring in itself fidfds all 
the requirements of wind bracing. 

When the floor consists of timber it will bo necessary to introduce 
diagonal bracing, and with deep girders where the floor is on the 
lower booms; the top booms should be connected if there is suflicierit 
headroom.^ • 0 ^ 

Tlib actual design of latcra^ bracing will be exactly on the 
principles of the Howe or Warren girders, to be described in a later 
chapter. There is, however, this diflcrence, that whereas in a 
A'crtical girder the weight of the hrijlgc, and any j)assing loads, 
producing stresses in the various members, all act vertically down- 
wards, ifi a lateral or horizontal system of bracing, the wind pressure 
may act in either direction, and it will, therefore, he necessary to 


l)rovido for the difference in stress that may th\is be produced. 

Thus in Fig, 64, which shows the plan of a bridge of six panels, 
when the wind is blowing in the direction of the arrows, the bars 
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drawn in single lines are in tension, and in double lines.in coin- 
pressidn, a condition of things which would be reversed if the wii\d 
blew from the opposite direction. To obviate the disadvantages- 
which would be produced by designing the various members to take 
either class of stress, counter-bracing is resorted to, as shown in 
Fig, 65, where the short bars are always in compression, the inclined 
bars drawn in continuous lines are in tension, and act when the 
wind blows from the left, but are inoperative when the wind blows- 
from the right, the tension being then taken by the dotted bars. 



Fig, 64. 



The method of calculating the stressed in each bar will be 
explained in Chapter V., where braced , girders with parallel flanges 
are, considered. i 

In some cases of timber bridges lateral stability is given by struts* 
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outside the girders or railing, as shown on Fig, 66, or by a frame 
with sufficient headway to admit of traffic. See the, drawings of 
tte Hurroo Bridge and the Barra Bridge {Plates Y. and XI., pp. 110 
and 148). 



The sul)jcct of increase to the loads which should be made to Roftont #. 
compensate^for the velocity of enovement lijts boon investigated by 
an Ailstrian Scientist, Professo?^ Melari {Minutes of Proceedings^ 

Institution of Ckil Engineers, Vol. CXVIL, p. 411). His conclusions 
are that the actual rolling load should be increased by a percentage 
represented by the following formula i, 

• gQQ 

Percentage increase = 14 + , where L = span in metres. 

Thus the greater the span, the less relatively the effect of the 
rolling load. 



64 


This formula gives for the following spans — 

.Span ill foet 6*r) 13-12 | 16*4 32 8 | 49 2 G.j-6 98-4 131-2 262‘-4 

T^ercentage increase { SO 71 *0 | 67 0 1 r>4'0 44*0 41 0 [ .34-0 j 30*0 23 0 

The state of 0 !ir knowledge on this subject is far from perfect. 
There are many circijmstances which modify the dynamic effect of 
rolling loads — (i.), tlVc successive changes of form, which the load 
produces when it jxisses over a bridge, take place with a certain 
speed, and cause vibratory movements which in turn develop 
stresses ; (ii.)j centre of gravity of the load in its passage 

describes, a trajectory whioli is generally ciirv^ed. This developes 
centrifugal forces, the ivetion of which cither adds or diminishes the 
load caused by gravity according to Avhether the trajectory is 
sagging or hogging ; (iii.), the unevenness of the lirso, and shocks at 
r^^pcated intervals (as previously ‘pointed out) causing regular vibra- 
tions; (iv.), the diflerenccs in the vertical loads, produced by the 
balance weights <on the wheels, or hy alterations produced by other 
parts of the machinery in motion. 

Those can only ])e very ap[)roximatel5' reduced to calculation. 
Practically, they indicate that, to avicliorato the results of the 
dynamic forces, the line should he as continuous as possible, the 
rolling stock in good order, interior cylinders should be used on 
locomotives, aiid the balance weights shpuld he as small as possible. 


APPENDIX. 

V'TituATiov OF Beams from Imi»act. 

Titk peiiodio tiiii(3 of viliratiori of lieanis from synclironoiia inipaots 
been found to be 

-(3093/ - . / . Vr » 

.-V 

where ^ — time of a ibration in socomlii. 

, ^—length of l)cam in feet. 

P — total load in lbs. oii^ the heani iiniformlj^ distributed. 

[-MfUiient of Inertia of the section in foot -units. 

^Moilujus of Klasiicity in lbs. per square int;h. ' , 

When the time of viliration eoineides with an^^ synchronous impact, the 
ainijlitude of the A’ibration rapidly increases until a comparatively small 
impact may by repetition ju-oduce serious deflections witli their corresponding 
stress intensities. This is the reason Avhy troops passing over a bridge 
should break step. 



CHAPTER III. 

• % 


Plate Olrders of Ikon and Steel. 


Method of Construction Jind of Calculation. — Market Sizes of Iron and Sterl. — 

Practical Considerations of DopLli, Width, -Slc]»s to ho taken in 

Design. — (haphic Methods. — '^f^hcoretical %)i*joctions Discussed. — 

Example. — Various Forms of Bridge Floors. — Appendix. 

In Parh L, Cha])ter.s VI. and VIII., the prinei])h3 of the girder 
where the flanges are designed to resist the transverse sti*esscs, and 
the weh to resist the shearing stress, has hcen d^tailetl. The 

application of this prin(3ii)lc, liowover, has been there confined to the 
narrow limits of rolled brains of iron or steel, and to rails. Kolle<l 
beams of the ordinaiV bso^ption are evidently not theoretically 
economical for any case, hccause the cross section, being constant, 
will give a Moment of Resistance whicJi, if siiflicionbly great to 
resist the greatest Moment ^of Flexure, will he inoi’e than sufficient 
for the other parts of the heani where the ]\rf is less than the 
maximum. Hence at all sections other than that of greatest stress 
there is an excessive amount of metal in the beam. This is 
especially the case in supported beams, which, as compared with 
fixed or with continuous beams (under similar conditions of load, 
span, etc,), have greater dilferenccs in the value of Mf from the • 
maximum to the minimum. • • 

Thus we see that, although very V:onvcn ion t, jiractintHy economical, Restricted 
and for all ordinary linuse construction cpiite sufficient, rolled iron 
or steel beams of I-section are of very restricted utilit}^ when spans 
of any considerable length have to he* bridged, and carry heavy 
loads. To resist the bending moments now brought into play, built- 
up girders must be employed, and the metal in those must bo 
.arranged so as to meet in the most economical manner the varying 
•stresses brought to hear by the action of the external forces. 

Building up by means of plates, angle irons, etc., is expensive work, 
but this is compensated for by facilities which are afforded for the 
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f f * 

economical arrangement of metal and the possibility of attaching 
secondary members. ^ 

As ri vetting the parts is both a source of weakne^ss and expense, 
It is desirable to use such forms of plates, angles, etc., as will suffice 
for the required work with a minimum of ri vetting. 

Plate ginSers, The plate girder is the first of these built-up beams that calls for 
esorip ion. ^ (examination. It consists of horizontal flange plates unite<l to a thin 
vertical web })late hy means of angle irons at top and bottom,, 
rivetted to both web and flanges. 

■Functions of The jiroduced by the web jilate is obviously small compared 

various i>arts. flanges, and ib ordinarily neglected, although there 

is no* reason why it should iiiOt be assumed to resist its due propor- 
tion of the Mf, since the ..web and flanges distort together as one solid 
beam. The web is con^idcrccl as resisting the whole shearing stress. 
The function of the web is to transfer to the flanges through the rivets 
the stresses developed in the beaiM. The accurate calculatiou of the 
Moment of Kesistance of the whole beam would be to include 
"J net area,* of J 'gro^'^ arc\ of web, in addition to the area of the 
flange, as under diiect stiess. 

Formula, for The flanges are gencndly made of the smuq size. The resistance 
<^‘"^^11 is, therefore, considered the same, for Wrought ironf or steel 
have practically cqiMl resistances to tension and compression (vide 
Table XVL, p. GO, Part I.). Hence the Moment of Itcsistance 
of the cross section at atiy part is obtained by considering that the 
stresses in the two flanges constitute a couple in which the force 
is equal to the resistance afforded by one flange, and the arm is the 
distance between the centres of gravity of the two flanges. Thus if 

r = the intensity of resistance in tons per square inch to tension, 
a = net area of the flange (tension flange), having deducted the 
area of the rivet holes, , 

d = effective depth of girder at the section in question, 

then Mr = rad. 

In this equation d is usually^ taker' as the total depth of the girder, 
though, properly speaking, it shouM be the distance between tho 
centres of gravity of the flanges. 

* See page 99, Part I. 

f 111 wrought iron the intensity of res^istance to tension is greater than to- 
compression. As the rivet holes to be deducted in tension flanges, the- 
area of the two is made the same. 
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Another and fitill more accurate method of ascertaining the 
Moment of Resistance of the section is to cateulate its Moment of 

Inertia, and apply the general formula ^ . This method is generally' 

followed by Continental engineers, but the approjumate method is 
usually considered sufficient in England. 

As regards the value of r, wg must take«jnto consideration the VlluGof r 
nature of the load, the span, and the ratio of Jive to dead load. On 
long span bridges the stresses due to the dead load may be very 
great compared with those due to any live load likely to be borne. 

On small span railway bridges subject to the rai)kl movements of 
heavy trains, as pointed out in the p!*eceding cliaptcr, the ‘live load 
stresses may bo far in excess of those due td^he dead load. Hence 
in bridges of this class the range of stress coming on the metal 
would be very much greater than on those of the former class. As 
fatigue Of the metal is produced by differences in the stress, or by 
repeated applications. of load, a small unit stress must be allowed . 
where the range of stress is large, and via remt 

For steel structures it is customary in England to allow a working Working 
value of 4^ tons per sfjtiare inch for railway bridges of 20' span and adoiJtod in 
under, 5 tons for 30' spans, tons for 80' spans. No tensile stress England, 
on cross girders or rail bearers should exceed 4^ tons. For wrought 
iron the working stresses should be about 20 per cent. less than 
those for steel. % 

With road bridges over railwa 3 ^s, rivers, etc., these stresses might 
safely be increased to 7 tons for steel and o tons for wrought 
iron. 

It is perliaps necessary to bear in mind that the steel used for 
construction of bridges should be that having a tensile strength of 
about 30 to^ns per s(iuaro inch, and a 2-5 per cent, ductility in a 
lengtli (^f 8 inches. Such a steel is about 35 per cent, stronger than 
wrought iron, and four times as ductile. The relation between the 
chemical and physical characteristics of various classes of steel is a 
most important and interesting matter, but is beyond the scope of 
this work. T 

Ste el h ^^s also aiiother adyant^e over wrought 
ij3 no appreciable difference in the strength, in the direction of 
roflTng, or^ ^ansversely tp, that direction. Practicably this is a 
matter of much importance, for in building up steel work the 
fnechanic has not to consider the direction in which a bar or plate 
should be arranged. 

f2 
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Market wizea 
of iron and 
steel. 


Steel plates, 
etc., rolled of 
larger size 
than wrought 
iron. 


Market Sizes of Iron. 

The next point of practical importance is to consider within what* 
limits iron or steel plates ami angles are obtainable in the market. 
Obviously the design should be based upon material ordinarily to 
be purchased, bediuse special sizes entail a relatively higher price. 
Of course, sometimes there may be reasons for paying an extra price 
for a special size. Smfli instances ’v.^oiild be exceptional, and need 
not he considered. 

Improvements in manufacture have of recent years enabled much 
larger sizes of ])lates to be rolled than formerly were obtainable. In r 
fact, the limit nowadays is determined not so much by the difficulty! 
of obtaining largo plates, but from the practical inconvenience ofi? 
handling very thin i)latoc5 of Ijirge i/,rea. 

The following are limits of wrought iron puldishcd by one* firm 
of manufacturers ; — 



W. 

Ii'on. 

Area, maximum square feet 

.... 80 


Length, maximum feet .. 

30 


AVi(ith „ „ 

6 


Thickness bcUveen 

^ \ " 
1 (f 

and 


These may be compared with the following limits of steel plates 

publislied by the Steel Company of 

Scotland, and by the Dalziel 

Steel Company : — 

f 

Steel. 

Area, maximum .S(juare feet 

250 

Length ,, „ „ 

50 

Width „ 

10 

Thickness between 

iV" V 


The maximum dimensions of area length and width cannot all 
be obtained at once, because the pla,te has to be rolled from aji ingot 
of a certain maximum Aveiglit. This limit of weight is ordinarily 
10 cwt. in wrought iron, and from 40 to GO cwt. in steel. 

The fact that steel platcs^can be obtained of dimensions so much 
larger than wrought-iron plates is a strong argument in favour of 
its use, for not only is the strength greater, but the greater size of 
the plates enables fewer joints and rivets to be used than would be 
necessaiy under the same conditions with wrought iron. 


* The Liileshall Company. 
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Another firm gives the following 

Taule III. 

Market Sizes of Steel Plates. 





X// 1 D // 

5// 

0 

1" 

1" 

1 

. r' 

Length 

20' j 

i>3' 

2{»' , 29' 80' : 82' 

85' 

35' 

1 

85' 

85 

Width 

4' 6" i 


5' ii" 5 10"| 6' 2" , 6' G" 

i 

7 

1' 


Weight, cwt. 

7 ! 

10 

13 5l 1 20 

' 82 

1 

40 • 

45 • 

1 

50 

1 


“ J^Vom this table for plates of a certain thickness, if the width of 
the i^hite is fixed, we can immediately find out from the maxiiiwim 
weight the maximum length, and if tire length is fixed we can find 
the maximum width which can he obtained wfthout extras. By 
payment of extra charges these lengths and widths can bo inci’cased. 

There is generally an extra cluargc for plates under 
i *r wide, and some nhikers make an extra charge for plates thick. 
By special arrangements plates of almost any rcfpiircd size can be 
obtained.”* 

Angle bars of steel urijer 11 united inches and over G united 
inches, and in lengths up to 50' or GO', and T-irons between G and 
10 united inches, can be obtained without extra charge. “United 
inches” means the sum of extreme breadth and dejith of the angle 
or T-iron. 

The ends and edges of all plates should be planed, and must abut 
[lerfeetly true, and the angles and T-iron.s should be neatly finished 
off at^the ends. The planin,:^ of plates inay be dispensed with if 
arrangement is made with the Manufacturers to “ roll the edges. 
An extra price has to be paid for this, and the width of the plates 
so rolled is generally limited. 

The necessity of using ordinary martcct sizes in design is a very 
important detail, and should always be borne in mind. There are 
a few other points of a practical nature which may also here be 
alluded to. The plates used should not be less than thick, as any 
oxidation may seriously affect their strength. To lessen the evils 


Anglt* and 
T-ii'ons. 


Ordinary 
nnirko.t sizes 
sliould ahvays 
))c iiHf'd in 
designs. 


* Fit'iiniauricc, Plate Girder Railway BridycK. 
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All |)ai*tHof 
tfirdur .sliould 
w accuisi^ible. 


Depth of 


Kir 


del 



llsiial depth 
io to A span. 


advisable to add plates, . or 

when much exposed. In the webs off 
girders, a thickness less than is seldom I 
used. 

As it is most necessary to paint iron- 
work periodically, the design .should be 
arranged so that all parts are accessible. 
This puti? box girders (Fi//. 67) out of 
the category of economical designs, except 
those which are large enough for a man 
07. inside. 

Frarfif^uL Coni^uleralunis oJ'l)ppth, JFidth, etc.^ of Built-vp Beams. 

Tf we increase the df^)th, we see from the equation My — mtf that 
the flange stress ra is diminished. It will, no donht, bo advantageous, 
if heavy loads are expected on the bridge, to have deep girders. 
Bi'.t in so doing the web will probably require stiffening. It must 
, also bo remembered that, Avhere the load is carried on the upper 
flanges, head room below the proposed road level is frecpieiitly a 
matter* of importance, wliile, on the other hand, if we carry the 
roadway on the lower flanges of the/ girder, the upper flanges of a 
deep girder may interfere with traflie, or cise a wider bridge is 
necessary. Thus, in the case of a railway bridge of three girders, if 
the flanges of the central girder jwoject more than 2^ 6" above rail 
level, the width of the ])ridg(; will need 'uO be greater than it would 
bo if the depth is kept below that level. The depth is, therefore, 
often limited by local considerations. 

Other things being equal, it is always better to carry the roadway 
on the upper flanges. This construction brings the weight more 
directly on the girders, and saves trouble in fastening the decking 
or cross girders. Assuming tliat it is possible to adopt this form of 
construction, the usual depths adopted vary from to of the 
span for small spans (up to, say, 40'), hut greater depths maybe use<l 
for longer spans. Professor Johnson gives the following formula for 
the economic depth, where the of the web is neglected : -- 

•'-'■"Vs.- 

where d — depth in inches. 

771 = central bonding moment in inclplbs. or inch-tons from. 

dead and live loads'. 
t = thickness of web in inches. 

r «\llowable fibre stress in lbs. or tons, in conformity with m. 
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This.gives a greater depth' than is usual in English practice. 

The hrea/ifh of the girder is governed by the considerations of fair Breadth of 
bearing on the piers, and lateral buckling of the compression flange. 

It may be either taken as a proportion of the span, to ^ 

convenient width between 12" and 21" may bo Hssiiiqed, as experience 
has shown that these limits are suitable for spans from 20' to 60', 

The effective length should^ be considered from centre’ to • 
centre of bearings. 

There should be as /<'?o joints as possihlt). These are always a jj^*^*^'** should 
source of expense, have the effect of reducing the Modulus of 
Elasticity, and introduce uncertainties of stiengtli from variations in 
workmanship. The work generally shoftlil be .is uniform a« posrihle. 

One end of the girder should be fixed; the^other should be free to K^imuwon 
expand and contract. A variatioA of temperature will ])ro(luco in a 
beam which is immovable at the cmlfe a delinite stress per square • 
inch of -section without any increase to the load. Foi* spans boluw 
80', planoil cast-iron plates, lead, felt, or timber baulks arc placed 
umler the free end, so as to allow of easy longitifdinTd nioveinoiit. 

To allow both ends to he free is dangeious, as, es[>ecirdly on an 
incline, the “creep” of tl^e raijs may work the girdoi* off the abut- 
ments. This is particularly .the case in hot clinntes, and instances 
have occurred of bridges having ncai'l}'^ worked olf tlieir bearings. 

For spans over 80', plate girders are seldom used, but if used they 
should have rollers under tl]p free end. 

Staps to hr Tdhni in Pr'-h/n. 

If the depth d of the girder is given (either by taking a ratio of 8t»*p« m 
the span or otherwise), tlie followu’ng steps sboiiM he taken in 
designing a web girder for a given span and loading (dead and 
live) : — ^ * 

(1) . From* the given span, Veight, autl deptli, find the Jiange FlanK**^. 
btrrsb ni (where stiess in tensity® of the metal and a---Hira of the 
Jiange angle irons) at any point by e([uating the Mf at that^oint • 
with rad. 

(2) . Select suitable market sections of ®angle irons, and find their 
net area. ^ This area will constitute a part of a / the remainder will 
1)0 made up of plates. 

(3) . From the area of the plates thus ascoitained, find the total 
ihkhms of tJu> flange by iissuming a width cither ^ span or = about 
12" to 21". 

(4) . Having found the flange thickness, take market stations of 



JointM 




Uivcts. 


plates an<l settle the number of plates to be used. This will^ fix the 
thickness of each pljjte. 

(5). The thickness of the plates will govern the dunneter of ific 
rivets (see p. 217, Chapter X., Part I.). 

(0). The consi<lerations of limiting dimensions of plates will 
determine the posillmi of the joints. Find the Mf at those joints. 

(7) . Find the flange stress ra at those joints by equating the M 
found in (7)) witli rad[ w'hcre d is the known uniform depth, and ra is 
the flange stress at the joints. 

(8) . Find what profuniion of that flange stress at the joints is borne 
by the plates aTid by the angle irons, respectively, by comparing 
th(‘.ir respective areas. 

(9) . From this flange^ str*css find the inrmher of rivets for the cover 
to the joint, l)oth in {iliearing and bearing. If the angles require- 
covers or “ \vra})pcrs,” the same procedure can be followed. 

This comi>letes the design of .tlie flanges. Now wt have to con- 
sider the web. 

' ('10). \Vc riiiis^v ascertain the thiehness of rePh and the ninvher and 

si:e (f virets required to fasten it to the angle irons. As the web is 
desigried to resist tlie shearing stress, ii<k 1 as tliat stress is both 
vertical and Innlzontal, the number of I’ivcijs required in a given 
length to fasten the web to the angle irons, and the angle irons to 
the flangos, will l)c the number required to resist the horizontal 
she;iring stress at the length in (pie.stion. 

We have already ascertained the size of the rivets. The web 
must be thick enough to give a sufficient bearing area on the rivets. 
To do this 'wc may procjecd by trial and error. Assume that the 
v/ob is, to begin with, the least practical dimension, say j*". Find 
the shearing stress at the supports, where it is a maximum, and 
divide the total shear l)y the depth, so as to find the intensity of 
shear per unit of length (generally 1 foot). In .s\) doing we 
consider the shearing stress to ‘be uniformly distributed dver the 
whole of tlie cross section at the end, which, as wc know, is not 
absolute!}^ true ; but the error is not very great, and for the purpo.se 
in vicAv is on the .safe sinV. That purjroso is to find how many 
rivets per foot run arc i*equircd to fasten the angle irons to the web. 
In practice, the usual pitch for the rivets is V. We may, therefore, 
instead of taking the wcl) at the minimum practicable thickness, take 
this pitch, giving us three rivets per foot run, and find the thickness 
of the web required. 

As the horizontal shearing stress at any point = the vertical 
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shearing stress, we can easily find either the number of rivets per 
foot run for a given thickness of web or the ^thickness of web for 
a given number of rivets per foot run. 

Suppose the shearing force per foot run to be 4 tons, the wel> 
thick, and that the steel plate can stand an eflective bearing stress 
of 7 tons per square inch. The rivets will then Ifavo a diameter of 
2 X and if n be the number of rivets per foot run — 

** 

n X 2'' X X 7 = 4 tons. • 

11 2*03, say 2 rivets per foot run. 


This would amply fulfil requirements of pitch (nt/r p. 217, Chapter 
X., Part L), which are that the pitch should be at least twitie the 
diameter of the I'ivet. ^ 

Suppose that we have the shtjaring force - 4 tons per foot per 
square inch, the rivets 4" apart, and an elibetivo healing stress of 
5 tons.* To find the thickness of the web. ^ 

Assume rivets J". Then there will bc^h'ivets per foot. 

• * — . • 

3x2x/x5--4; 




As the shearing stress is greatest at the ends of the girder, any 
conditions of rivotting which arc sulhcieiit there will nnn’c than 
sutlice at other jiarts. It is not economical to introduce much 
alteration in rivets and pitch, .so work i.s usually made uniform 
throughout. 

(11) . Coirr:^ fo the angle //v^a.s or “ wrapper'^, if require* I, may be t^ovors ti> 
siiiiilarl}^ worked out from considering the direct .stress in tin* angle 

irons at the place wdiere the covers are reipiircd. This direct stress 
is obtained#!)}’ cfiuatiiig the at the pl^ce in question with vvn/, 
where* has constant values, anjJ ra. stre.ss on flanges i- stnjss on 
angle irons. We thus find the value of ])roportion of strcs.s on the 
angle iron. , , * 

(12) . To find whether iJ^e iveb regnlrefi i^fijf'enrrs, -wq have to con- StifTciu r- 
sider the thrust caused by the comhiiied horizontal and vertical 
componciits of the shearing stress. The usual method of calculation 

is to consider these components replaced by their resultants acting 
at ail angle of 43“ with the horizontal. Let* ABCD (Fig. 68) be any 


* From General Wray’s Instruction in Con sir net ion. 

> 
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«qttare particle in the. web ; let the arrows V, V' represent the 

vortical shearing stress on opposite sides 
of the particle, Hlf the equal horizontal 
shearing forces. Keplace these forces 
by double the number each of half the 
value, acting at the angles, as^ shown by 
the small arrows, and take the resultants 
of thc.se forces along the diagonals of 
the square. The components are now 
P, P' in compression, and T, T' in tension, 
;nid the intensity of these tensions and 
coinprcs.'.ion.s is equal to the intensity 
of the vertical and horizontal shearing 
strcssi^s by which they are generated, for 
if Bl.) — total thrust duo to V and H ^ P, and BC = total shearing stress 

iilong the side iiO ^ V, then -- whence j^j) = ^ • 

intensity of thrust along I'lC am intensity of shearing stress 

along BC. v 

If, therefore, the sheaving stress Avcrc unifcj-rmly distributed over 
any cro.ss section (which may for all practical purposes be as.sumcd), 
th^ whole of the shearing forces j)rodiicing distortion might be 
replaced b}^ a notwoik of forces at right angles to one another 
inclined at lo"* to the axes of th(i beam, these forces l>eiijg tensions 
and comj)re.s.sions, under the latter of which the web tends to buckle 
in lines at right angles to the thrust. 

The web must, therefore, either have sullicicnt strength in itself 
to resist this buckling, or it must be stiil’ciied at such intervals as 
may be b>und ncccs.sar^’. For jiiiiqjoses of calculation, wo consider 
the web made up of a sePies of stri|S!> one unit wide, of 'a length = 
the distance between the edges of tho angle irons , d x cosec 45° (see AC, 
Fi(j, 69), and loaded with a weight intensity of the shearing stress. 
Sueb a strip may then be treated as a column fixed at the ends 
(see p. 168, Chapter X., Pari I.), although it must be admitted that 
this is only an ap 2 >roximate method of treating the subject, for 
reasons Avhich will be ex]jlainecbipresently. When the distance S 
between the stiffeners is less than the net distance d between the 
angle irons, the length of the coUimn == S x cosec 45°. Hence 
stiffen ersf to be of any theoretical u e for the prevention of buckling, 
must be closer together than the distance between the angle irons. , 
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They w.oiild he more effieieut if placed in an inclined position in the 
<Jirection of the thrust, downwards towards the»abutments. 

As a matter .of , fact; the stiffeners are generally put in without Stiffonei-s 
calculation. Ihoy are generally placed, according to the experience by i-jciieritmcf*. 
of the designer, not more than 6' or T apart, and much closer to 
each other near the abutments than at the centre.^ Vertical 
stiffeners are of great use in distributing external loads through the 
web. Hence they are often pul in where cross girders join the . 
main girders. 



% 

In tlio above investigation we ha\'e liithcu to not aA ujled ourselves (»raphic 
of the aid derived from any grapliic nietho<1s, and as consi(leraWe 
practical assistance may bo <J)luincd thei’efroni, we nm.st now devote n^sistanr.*. 
attention to the subject. ^ 

Til the calculation of the Moment of llesistanco we have soon that 
M,.-/V(^^ = a certain number of inch-tons. Jf amir/ are constant 
for the whole span, as in the case of a I'oilcd beam, this could be 
represented graphically by a rectangle of a length, on any scale, 
erjual to the sjmn, and of a height, on another scale (of inch- tons), 
representing M^-. In a built-up beam there will be at least one 
})lato and the angle irons continnoifs throughout, so that, multiplying 
the flange stress {ra) on each by the effective depth </, we may get 
two rectangles, one representing the Moment of Resistance of the 
angle irons, and the other that of the plittc. Thus if the net area 
{a) of the angle irons i.s 2 square inches, and the safe stress intensity 
(r) of the metal 5 tons, with a depth (ci) of beam of 16 ', we have the 
M, of the angle irons 160 inch-tons. If the area («,) of the plate 
be 3", w'c have in like manner, with the same depth, for one 


* Fitzuiaurice, p. 77. 
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M/ 


.stress 


plate = 240 inch-ton.s. Lay off AB {Fig. 70) on any scale of inch-tons^ 
— 160, BC to same, scale 240, and AD = span on any linear scale. 
If we add another plate of the same size at any part, its Mr will be 
represented by another rectangle added at the part corresponding to 
its position on the span AD. 


T 



Thus we see that by arranging the rectangles which represent the 
Moments of Uesistsincc of given plates we may meet any varying 
conditions of the Moments of Flexure. If we draw to the same scale 
of inch tons jis AB, BC-, the Mf diagram AFJJ for the actual loads 
which inayTo e\*)e(^ted on the bridge, including allowance for rolling 
loads, dynamic eflect, (itc., we can arrange the plates and angle irons 
so as to cover the whohi Mf diagi’am, and Ve can settle exactly tlie 
lengths of extra plates required. Th® Lirg(h‘ the scale of moments 
the greater the accuracjy. 

So also with regard to the web. Wo can draw the shearing stress 
diagram ACDB for the loads as in F/f/.#71, and sui)enmposc upon it 



the safe shearing stress resistance OP represented at the centre 
(where the stress will bo a minimum, probably) by the web plate o£ 
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least practicable thickness. The resistance afforded by such a plate 
will be the ordinates in a rectangle of which th<i length is measured 
from the centre of the span. The point Q where this rectangle cuts 
the shearing stress diagram .for the loads will indicate the position 
whore the thickness of the web must be ijicreased. If practical 
considerations of limiting length of plates necessitate a joint as at R 
the thickness is sometimes increased there rjjther than at P. Tn 
these joints two covers, with conibined thickness --- that of the web, 
or one cover with thickness = web, must be used. Tlie former 
arrangement is preferable to the latter. 

When the load on the girder is concentrated at one or two points, 
it is usual to add stiffeners to the web •at such points, for reasons 

stated above. ^ • 

TiiKOiiKTi(^\L OiuK(trroNs* insrrssi:!). 

It may be objected that the method deaeribed aboxe for finding tlie mmiber Objections to 
of riveta vequired to fasten tlie angle iroi|sto the web, ami for limling whclliei’ tbcoivti'^U 
.stiffeners are required, is erroueous, in that it neglects — tnatim*nl. 

( 1 ) . The distribution of shearing stress over the cioss section of^thc web ; and 

(2) . The rcsti’aining influence of the tcmsile components of the vertical and 
horizontal shearing stresses. 

As r(‘gards (1), ihc average ?ntensit 3 ' of shearing stress, which is here taken 
as the basis of calculation, *.is not \ery much greater Ilian the infeiisit^ at the 
inner edges of the flanges. The ease of a girder with wide llaiiges tpid a thin 
web is diflereiit from that of a rectangle. In the latter (‘ase tlie shearing 
stress intensit}^ near the extreme fibre would Is* eousiderahly less than the 
average inteiisitj', as the whole of^ the shearing .stress intensities are in that ease 
represented b^' the ordinates to a parabola passing f lirougb the exti eim* edges 
and having its axis on the neutral axis and with a value - .J the average 
(Fq/. IIS, Parti.). In a girder the intensity' of the shearing stress is found 
fiom the general exjiressioii given in the Apjieiidix to (JhapttT \'i., l*art I., 
p. P2.'l. 'I'he disliibution curve would bo- .soimnNhat as shown on /'V 7 . 72, 



Fig. 72. 


where the ordinate AC represents the maximum stress intensity, 1)E the stress 
at the flange, D'K the average. The stress intensity at any section such as F 
can be easily cileulatcd. For if 6 = breadth at that section, A — area of metal 
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between F and the outer edge, M = inoment of that area about the neutral 
axis, Moment of Inertia of the whole section, then the stress intensity at 

F=i^'holo shearing stress 

,61 

This varies but little all the way down the W’eb, since A increases but 
slightly compaiW with tlie constant 61 ; hence wo are justidcd in taking the 
stress intensity at D as being uniformly distributed over the weh. It will 
differ considerably at tlie inner and outer edges of the llanges, but that does- 
not affect the question of* finding the number of rivets required to fasten the 
web to tho flanges. 

(2). The restraining influence of the tcnsilo components of tho vertical and 
horizontal shearing stresses has never been determined (as far as the writer is 
aware), either theoretically or empirically. No doubt it does exercise some 
re.siatance to the compressive acl^ion just as the tension on a transversely loaded 
tic bar dirriinishes its deflection. No doubt, also, in ordinary cases there is a 
greater amount of metal |'Vi thc^ wel) than is theoretically necessary. The 
exact amount is, liowever, not at present determinable. All that we can say 
is that the error which arise.s from calculating the stiffiiess of the web from 
the coirsidcration of a long column iv)ints to the desirability in large spans,, 
say over 80', of replacing this form of girder by other forms where open bars- 
4 are substitutetyor I he continuous web. It is also^true that no column formula 
is properly applicable to tlie web of a plate girder. 


Example of 
plate girder 
tor liridge 
over road. 




Width. 


As Hii application of the principles wfiich have just been con- 
sidered, we may take the following . — • ‘ 

ExampIk 8. — Design a pair of girders to take a JF,D, road across a 
double line of existing railway on a skew of 60" (Plates III. and IV.). 
The roadwai/ to he toidc enough to alloio tvM) carts abreast, and to hear a 
mass of people on the bridge, or the heaviest road, engine, having 9 tons on 
driving wheels, f) tons on leading \oheels, wheel base 10' 8", and distance of 
centres of tyres 6' 2' . llie roadway to be borne by rolled steel cross girders 
12" X 6" with jack arches built between, and to he carried on the top flange 
of the main girders. The jack arches to he 9" thick, of Stafl&rdshire blue 
bricks, with 3" of Portland cement concrete above and 12" (f r,pa.d metal. 

The main girders to be considered as supported only ; th/^ cross 
girders, however, may fairly be considered as fixed, or at least half 
ftxed, which gives the same 

As sufficient width must be given to allow two carts to pass, the 
interior width of road between parapets will be a minimum of 16', 
or we may take 17' 8" as the distance between centres of ^thc main 
girders. This is made up of — roadway 16', projection of parapet 6",. 
allowing 3" on either side, and 14" for the parapet walls (see Fig. 

p. 80). 


See Appendix to this chapter. 



. (i.). Distance apart of Gross Girders, 

•We can approximately find the distance apart^of the cross girders Cross girders, 
by assuming the* whole area of the bridge to bo densely crowded * 
with human beings, bringing a live load of 80 lbs. ( = 160 lbs. dead)* 
on each square foot. 

With the flange.s of the main girder 14" wide, so as to support 
the 14" parapet wall, the clear span of the tross girders will be 
ir 8" -14" = 16' 6" =16-5'. 

The Moment of Inertia (I) for a 12" x 6" rolled joist has been 
shown to be 360 (see p. 97, Chapter V., Part I.). If wc take a low 

value for r in the equation Mr = — we w411 j)robably get a rei^ultjng 

distance apart of the girders which, will satis’^y any rec[uircments of 
road engines crossing them. This we can test subsequently. Take 
r = 5 tons (which gives a factor of safety of 6). Then y -= half depth 

of beam = 6", and Mr = — = - x »^60 _ inch-t ons. 

If 6 

Let = distance apart of the joists. Then the road metalling and 
arches (altogether 2' deep) may be taken as weighing on the average 
1 cwt. per foot cube.f Therefore dead load on one joist 

= 1 12 X 1 X 2 x 16-5' X 3714a; lbs. 

Live load at 160 lbs. 

— 160 X 16 X a; = 2560a; lbs. -= 2'8x tons. 

Total W = 6274a; lbs. 


Tvr W/ 2*88.rxl6-5'xl2" 

Mff = y - = = 46a; inch-tons, 


16*5' being the clear span, and tJi)C girder reckoned as being fixed, or 
half fixed. ^ 

Mff=Mr, ie., 46a:‘=300, or a;=-6'2 feet. 

If the joists, therefore, are 6' apart, this distance will satisfy £he 
requirements of the uniform load. ' 

This may not, however, be sufficient for the rolling load. This 


* Such a weight as this is in excess of that usually calculated for. A crowd 
such as this might possibly occur in the neighbourhood of a large town. 

t The void below the soffit of the arch, which is not taken into account, 
will be compensated for by the extra weight of the joists themselves 
approximately. 
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will be in its most disadvantageous position when the traction 
engine is close to onfc parapet, and when the heaviest pair of wheels 
.arc directly over a cross girder. 

It is true that the etl'ect of the roadway will be to distribute the 
weight to an uncertain extent, through at least at an angle of 45"* 
on each side {Fig. 73), and the result of such distribution will be to 
reduce slightl 3 " the values of the under the wheels. If, however, 
we consider the weights as concentrated, we shall be on the safe 
side, and free from the uncertainty of the exact amount of dis- 
trilnition. It is also true that the increased deflection on one girder 
will tend to reduce the at that side (sec Case G, Chapter I., 
p. 14). It will bo on the ‘safe side, however, if we calculate the 
beam for the eccentric i^Sositipn of the load. 



Fig. 73. 





It may be considered that the engine ’would not usually be driven 

closer to the wall than 
1 j the position shown in 

Ji'ig, 74, where the 

centre of tjie left wheel 
is 3' from the .edge of 
the road. This would 
bring the axle close to 
the coping of the para- 
pet. 

Draw the stress dia- 
gram for the left wheel 
{Fig. 75), then for the 
right wheel {Fig. 76), and combining them {Fig. 77), we see that 



Pascal, Traite des Fonts Metcdliques. 
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Main girders. 


'\ 



In addition to this, there is the for the dead load (which^ as we 
have seen above, is 3714x lbs.). Hence the total Mjf 


3714.7x16*5 X 
" , 2240x 12 


12 


= 210 + 27*57 inch-tons. 


This must not lie grcJiIter than 300, which, as noted above, is the 
value of Ml with a factor of safety of 6. 


07.5.1.^300-210, 


whence ^ 3*3 .nearly. 

With a factor of .safety of 5, the cross girders might be upwards of 
5 feet apart. If we make the distance 4' we shall have a factor of 
safety of 5*37whRjh is good enough hi practice. Make, therefore, 
4' apart. 

• 

Mu In Ginlm, 

« 

The effect of the skew is to reduce the weights coming on the 
ends of the main girders. Were it not foi* the skew, the Avholo 
weight transferred fiom the cross giuftrs to the main ones might 
have been regarded as uniformly distributed, and one might do so^ 
even in the c<isc of the skew, without appreciable error. For the 
sake of practice, however, we may adhere to the more accurate 
method. If w bo the weight transferred from each of the cioss 
girders to the main girders, the distribution will lie somewhat as 
shown on Fkj. 78. Tlii'i represen t% the distribution i.< the upper 
main girder, iiis .shown on the plap^of the bridge {Flafe IV.). ' 

The diagratn of moments for the ilead load 


(where w = (JJ>71 4 x 4) + Z240 = 3*3 tons) 
is as shown in F’nj. 78. 

The method of obtaining this by taking moments round the right 
abutment is shown on tlie right side of the figure. (Compare Fig. 52, 
p. 72, Part L). 
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As regards the weight of the main girders themselves, Professor Weight of 
Unwin’s formula is Ip^ximotely 


W,= 




where Wj = required weight. 

W = total uniform load. 


I = span, , ' 

?■ = ratio of span to depth, i,e.^ 12. 
r = a constant (in this case 1,400). 
s = working stress, say 6 tons per square inch. 



• » 

Aojfs „ 


ronm 

JiSSe 


tons 

9S0»S-3 *«««' 


< 5 ^- 3 3* tmm' 


3TT^S3 * 39" 
tvnm 

/Jftf • 3 ’3 K *e" 


Scale, moments JBOOO inch, tons to an inch/ 
X0ine4X3' scale 16 feet to om inch 


Fig, 78. 


W, the tobil uniform load, when the bridge is crowded with a mass 
of people, and including the weight of parapets is * 

18x40x80x2 — 2240 — 52 tons = 26 tons 

d 2 
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on each, and the dead weight of metalling, arches, etc,, on feacK 
3*3* X 10 « 33 tons,^ Hence W‘« 26 + 33 = 58 tons on each girder. 




58 X 40 X 1 2 
(1400 X 6) - (40 X 12) 


: =3*52 tons. 


The weight of this may bo taken as distributed. 

W at each point of junction of main and cross girders rahy be 

26 3*52 

taken at 3*3 (as already found) + ^ == 6*25 tons. 

Tho* ordinates of the curve of the combined load will be directly 
pro 2 )ortional to those of the curve of moments of the dead^load in 
the ratio of 6*25 to 3*3, and can*' easily be read off a slide rule. 
They have been drawn on the figuie so as to represent a curve with 
a comparatively great vcrtic«il scale. These arc drawn on Fig. 78. 
The Mff=370() inch-tons. 

Mft from This may, howoVer, bo less than the produced by the rolling 

ml mg load, From the previous chapter, Case 3, we see that if and Wg 

bo the weights on each pair of wheels, i,e , o tons and 9 tons respec- 
tively, and = distance apart of axles — 10' the position of Mff 
from the centie of the span will be 




o'Vi+w;) 


5 X Ijp*^ 
2x14 


= 1*9 feet. 


and 


V\> 

2(W,-|-W2) 


9x 10 66 
2x 14 


:3*42 feet. 




Hence, mca«*urcd from one support — 


= l 9 = 2^*9," 
j* = 20 -^3•42 = 16*58 feet. 


* Dead load on one joist -=6*6 ton^. 

2240 

each side. 


Hence 3*3 tons is brought oit 
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For.one-hali 6f -!;he beam 

Mff«®{(W + Wa)(/-a:)-Woa} 

becomes 

_ 16 ^ ^ 23,^2J _ ^ JQ.gg^, ^ gg.g 

40 > 

•» } 

and for the other half of the beam 

Mff= ^ {(W + W„) (I - .r,) j - 'V (/ - .■,) 

, =115 foot-tons =.l ,380 inch-tons. 

This acts at a distance = 21*9 feet from one support. As the load 
may pass either way, this will ,be the IVJft to be provided for on the 
main girders. Half of this l)ending moment would be brought ou 
ejich girder if the load were gradually applied, and if the engine 
were in the centre of the road. But as the load will not necessarily 
be in the centre, and as the passage of the engine will be accompanied 
by impact and vibration, the total M^, 1,380 inch-tons, m.iy be taken 
for each girder. The moments produced must be added to those of 
the dead load to find the moments on the bridge wlien the engirie is 
crossing. 

The diagram of combined moments is shown in dotted lines on 
Fig, 78. From it we see that the moments aie just a little less than 
those calculateyl for a mass of people. Hence the latter must be 
taken. YoL if the traction engine had been a little heavier, its 
momenis- might have governed thG> actual design. 

We have now to consider the Moments of Resistance. 

It is proposed to build up the girder flanges of Y steel piiitos, Plates 
14" wide, the width 14" being taken as the width lof the brick wall 
above, connected to the web by 3" x 3" x angle irons. ^ 

The rivets will be of mild steel diameter. 

The depth of the girder will be span = 3' 4" 

To find the Mr of the angle irons, the net area of one section is^ 

(3" -f 2 J" - 2 X f ") X J" = 2 square inches. 
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Hence fpr two angle irons, with a depth of girder of 40", and a safe 
tensile resistance of 6 Hons per square inch, rad becomes 

2 X 6 X 2 X 40 = 960 inch-tons. 


The Mr of one steel plate 14" x V, with two rivet holes (any other 
rivets being arranged to break joint) 

J (1^ - 2 X I) X 6 X 4b == 1,500 inch-tons. 


Joints in 


Laying off rectangles with ordinates = 960 and 1,500 respectively 
on the same scale of moments as before {Fig, 78), we see that tw(^ 
plates will bo required for a distance of 12' on either side of the 
centre. 

’ Joiiih m^Plates. 


Plates of 40' long and 14" wide are within market limits. For, 
fi’cpn Table III., the maximum , weight allowed for a plate is 
26 cwt. The weight per square foot of a plate is 20 4 lbs. Hence 

* * . ^ . . . 1 1 2 X ’^6 * 

the maximum length admissible is - =118 feet. 

20;4xl-2 

For the sake of illustration, however, v> c may assume that there 
is a joint in the longer plate at the centre (seev Fig. 3, Plate IV.). 

The Mft- there is 3700 inch-tons {Fig. 78). The areas of the angle 
irons and 2 plates arc 4, 12*5, 12’5. Hence the total flange stresses 

will be “1 ^- = 92*5 tons, and tke proportions on angle irons 


and plates will be ~ and of that amount. 


12-5 


flange stress on one plate Avill be x 92*5^ JO tons. 


Hence the 


• This stress must be transmitted from one side of the plate to the next 
by cover plates with ritets. Let ;^'= number of rivets.* Then, for 
resistance to shearing (sec Table XXVIIL, Chapter X., Part i.), one 
« rivet will stand 2 '208 tons. Hence the number of rivets required 

will be ^ 18‘1^- 

2*208 c 

For bearing, using a I" cover plate, and the safe intensity of 
resistance being 6 tons — 


ic X *5 X *75 X 6 = 40. .r=17*8. 


Hence 19 rivets will be needed on each side of the joint if single 
covers arc^used. #- 
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Make 4 rows on each side of 5 rivets each {Fig. 4, Plate IV.). 

The angle irons are sufficiently short to be independent of covers. 

If, however, th.ey are required, they can be calculated on the same 
lines as the above. 

Shearing Stresses. 

For the rolling load the greatest shearing stress will be near an Shearius 
abutment when the engine has come on toAhe bridge, the heavier 
wheels being just clear of the abutment, and i 12*6 tons, or 6*3 on 
each girder, if the engine is fairly in the middle of the road. The 
.stress diagram is as Fig. 79. 



K- ^ o' 

J^meoLr sca/^ to an, ifich 

Scale, of-veeiffhts J^OtoTvs . 


’ Fig. 79. 


The shearing stresses produced by the dead hnnJ on each girder 
33 4- 3’o2 

-I total weight on it ISo tons. 1'iicrcfore the maxi- 

mum shearing stress due to rolling and dead load 
^ ' - 18-5 + 6-3 -24*8 ’tons. 

The shearing stress due to the uniform live load + dead load 


h (1)8 + 3*52) =-31 tons, 

which, being the greater, must be taken. 

Let fhe thickness of the web at the abutments be J", and the 
pitch of the rivets be (as is usual in practice) 4". Then there will 
. ^ be 3 rivets per foot run, and as the depth of the girder is 3' 4", 
/there will be 10 rivets to stand a shear of 31 tons in double shear, 
/ etpai valent to 15*5 tons in single shear, or 1*55 per rivet. From 
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v%Be)Ebnng area 
' of ri\ etB. 


*im 


Table XXVIIL, Chapter X., p. 216, Part I., this would necessitate?' 
J" rivets. i 

The bearing strength of the plate on the rivets must also be equal 
tQ the shearing force coming on them. That shearing force being 
ill tons, the number of rivets ))eing 10, and thickness of plate#|", 
we iiave x 10 x x ^"==31. Whence r = 8*2 tons. This is just 
within safe limits for steel plates, giving a factor of safety of nearly 4. 
In comparatively sh(illow girders, as in this case, there is always 
difficulty about the bearing area of the rivets near the abutments, 
difficulty which increases with the load. To obviate the difficulty we 
must either (1) increase the number, and, therefore, diminibh pitch of 
the rivets, or (2) increase their diameter, or (3) increase the thick- 
ness of the plate. Of these alternatives (3) is the one adopted in 
this case, as wc might otiierwif^e ha\ e used a plate throughout. 

The thickness of the web at the ends is J". Its net sectional area 
is 40" X - 10 X 12*5 ‘square inches. It has to stand a shearing 

‘ 31 

stress of 3 1 tons, or ^ “ 2 48 tons per square, inch, which is well 


within safe limits. 

This thickness miglit be reduced to *1" at 8 feet from one abutment. 
Theoretically, it might still fui tlier bd reducec], but practically it is 
not advisable to liave a less thickness*' than At 8' from the 
abutment the shearing stress is (from Fnj, 79) 18*5 tons. Hence the 
])caring stress r^, is found from the following — 


10 X X J;' X 18'5. 


Whence = tons, the safe limit being about 8*25. 

Whftlur To ascertain, finally, whether the web needs stfftcners, we take the 

stiff eiuM s are 

ivcf^iicd. shearing resistance per foot run at the end, [— tons = 9*4 tons, as the 

• O'o 

force coming on a column of lerigtb=the distance bet'veen angle 
irons (40 - 6 34) x coscc 45° ( = 1-414) ~ 48-2", of breadth 12", and 

thickness and with ends fixed. 


Thus 


/^ 48-2 
h *5 


= 96-4. 


Hence, in Gordon's formula- - 



(sec Chapter IX , Part I., p. 168). P«9*4 tons, A = sectional arep^ 

i 
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on (Solumn =» 12 " x ViW (Tjable'XXV.,^p, 1§0, Patt L), and 

I ’ - . , ’ . , 

• ^^ = 96*4, the value of ?'^j=* 6*6 tons per square^®inch. This is i(idthih 

safe limits, and therefore at appears that stiffeners are not nejccasary 
to piH)vent buckling of the web, though practit^ally it would be desir- 
able to introduce T-irons at intervals below the cross girders, say 
every cross girder for the firist 4 cross girders at each side and at, 
every alternate one for the’ rest?. j 

Fig. 80 represents the main girder in elevation. 


24 ^ 




1 1 

_ . . .r- 

plc^ 

iplaii 

t/" 





Fiq. 80. 


If the limiting value of r be taken at 6 toii'^ per square inch, and 
the calculated value 0*6 bo coo&idcred i!ia<lmissible, as being beyond 
the limit, the distance Apart of the stifleners would thus be ascer- 
tained. ’ 

The sheaiing stress being 9*4 tons per foot run, and the intensity 

i being — , — l*o 6 tons per squ.ue inch, we see that this corres- 
^ 12* X A 

ponds, in Table XXVL, p. 176, Part L, to a value of of 2J9. As 

the assumed strip is rectangular in cross section, ve see fi*om p. 177, 

Part I., that { =:= 3*5 f , h being the least dimension, .ind / the unknown 
k h 

219 

length. Xl^(iVeforc I = ^ ’^1 inches, v hich is the least length" 

measured at an angle of 45* betitveen the edges of the angle iroms 

which will stand without buckling. Hence the distance measured ^ 

31 • 1 * 

horizontally will be 2 - 414 “^^ inches. 

Practically, the stiffeners would l>c put when the cross girders 
join the main girders. 

Deflectum. 

The deflection of the cross beams, which are (1) fixed at both ends; Deflection. 
(2), of uniform cross section ; and ( 8 ) uniformly loaded, will be Cross girder 
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found from the general formula v = , the symbols in wliich will 

have the following values 
n — *0026, 

W-;3714x 4- 14,856 lbs. = 6*64 tons, 

I = 16*5 .X 12= 198 inches, 

E = 13400 tons and I = 360. 

Hence V = *027 1 6 inches. 


!Main j^irtlors. 


Tn the main girders we may either use the same formula, in which 
case the values of I would need to be calculated, or we may use the 

formula V= ,, , where, t^lie value of I is not ro(iuirod, but from 

Jli// t ^ 

which we can ascertain the deflection, which would be produced when 
Che stress intensity is at the maximum for whicli the girder is designed, 
i,(\, Sv^hen the value of r in the expression rad is = 6 tons per sijuarc'inch. 
'rke girder has l)ejri designed so that this value shall nowhere be 
exceeded by any conditions of loading Avhich are likely to come upon 
it. The formula is expressed in a sifliple form on p. 131, Part T., 
viz. : — * 



/Cost of 
; bridge. 


where d and / represent the depth and length in feet, for a girder 
(such as this is) of uniform strength and depth. Taking the value 
of E at 13000 (slightly less than that above on account of the 
defects of workmanshij)) — 


V = 


3 X 6 X 1600 
3*3 X 13000 


= 0*67 inches, 


or about ^ ‘ jj of the span. « 

This is rather more deflection tha,^i is generally allowed for ghders, 
^though li;ss^ian the proof load given by Professor Iviinkine (sec 
p. 134, l^irt I.). The deflection in this case, however, has been 
calculated on the basis of a faifipwied beam, while in reality the girder 
is partially fixed, and the deflection would be considerably less than 
0*67 inches. 

The design would then be as shown on Plaien III. and IV. 
The cost of such a bridge in the south of England would be about 
.£1,100, including till masonry and earth filling, etc. The head room 
to raiil level at the bottom of the girder would need to be at least 
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1 4' 6". ^ This consideration in many cases has led to the Cross beams 
being placed on the lower flange, thus saving a height in wing walls, 

Abutments and, bank equal to the depth of the girder. The cross 
girders are then rivetted to the web at the ends by angle irons. 

Wind or other lateral bracing is, in English /practice, not con- 
sidered necessary, with such short spans, althoj|:gh in France it is 
given in even shorter spans. ^ J 

The wing walls are designed* by methods usual in English rail- 
ways. No description of this need be givtfn, as the drawing 
indicates the procedure. 

y * 

Vat'iovi^ Forms of Bridge Fhhrs. 

In the foregoing example the road way f is supported* on rolled Bridge floors, 
joists and brick arches. This method of construction, though not 
uncommon, is perhaps less usual nowadays than some form of steel 
decking. In railway bridges for^ double lines the usual type jof 
bridge, uj) to 40' span, is 3 main girders, the ccntrjil one of which 
is proportionately stfonger than the other two, \>»ith trough floors,* 
as shown in Fiij. 81. A saving is effected by using 3 main girders 
for dou])lc lines, as the width of the roadway necessitates an inter- 
mediate point of support for the floor, of whatever nature it may be. 

Fig. 82 shows the method ol fastening the trough girders used for 
the flooring to the longitudinals. ’ ’ 



Fig. 81. 

The advantages of trough floors are, that they do away with all Tn>ngli 
^ross girders, rail bearers, etc., are easily erected, occupy Jjttle room, 


^2 


4r^ eA&iIy dmihed, ^indi are of iQoderate cost. They itiiy be ever> 
* n^d for public roads without any main girders at all, as in 88. 
This ^gure is taken from Messrs. Donnan, Long &.Co.^s catalogue^ 
which gives mu(^ information ^ regarding this particular kind of 
trough, which is i^iown as Lindsay’s Patent. 
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To ascertain the Moment of Resistance of any trough girder 
section, the graphic method of areas of equal resistance as shown in 
Chapter V., Pait I., may be followed ^As the values of the My foi^ 
each doriq in inch-tons are given in manufacturers’ catalogues, such 
calculation is usually unnecessary. » 




In some English railwa^^^ buckle plAlies of 
to cross or Jongitndinal gWcrs^ forming a continuous 
which the ballSiSt, sleepers, etc*, are laid. Other forms of 
4ire Hobson's ^Patent, shown in Fig. 84, and corr .^gated sm' 

used in the Indian State Eailways; the latter, nowevet*, anb hblJ 
intended to take much weight. • 



Fig. 85 shows another form of trough something like Lindsay's • 
Patent, which is often* used * 


4 



Fig. 85. 


Stamped platen of steel ma}'^ also be used with economy between 
rolled beams or troughs. As iicg«\rds the .weights they can carry, 
the following are the results of s^me expciiinents • — In France a 
^tamped plate 5*8' long, 4*9' broad, 0 31' thick, camber 2J", was 
fixed at the ends, covered with 5*8" of sand, and tlien loaded. The 
•deflection under 0,000 kilogrammes (5*1^ tons) vuis 0*15", and when 
the load was removed the plate resumed its original form (Pascal, 
Fmts MetcfUiques). 

V 

j * ' 

{Note. — Figs, 81, 82, 83 are ‘copied, by the kind permission oi Messrs. 
Dorman, Long & Co., frbm their cataloguei] ^ 
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APPKNT>IX. 


The general expression for the value of the intensity at any j^oint in thp 
cross section of a beam of any form is 


\ 




Mliere 7' = intensity ol shearing stress on any plane. 

S “total shearijig setress on the section. 

I == Moment of Inei'Ha f>f tlie croa^ section about its neutral axis. 
h' =brea<lth of tjie section M'liere the shearing stress = 7'. 

y' = ciistanc*e of tlie plane M'^Iiere the shearing stress is q* from the 
neutral axis. 

— distance of e?>trcnie fibi'o on that able of the neuti*al axis from 
' . that axis. ^ 

h =brearlth of scctiop at distance y from the neutral axis. 

Now I y^><ly is the statical nioment*bf the area otitside the plane when tliQ 
shearing stress intensity is alxmt the neutral axis. Call this inoinent M. 


Then 


7 = 


_‘SM 

I/>' 


But in the web h' is constant, and I and »S for the whole cross section being 
constant, wc see that q' varies as" M. '^riio i'^^crements of area of tlie cross 
section a?‘e so slight foi* ]»lanes tfikeii ^lii «iccessi:)n from the neutral axis tew 
the ends of the web that >\e may consider q' to be practically constant. 



CHAPTER IV. 


t 


I 

Trussed and Strutted Beams. 

The Design of Simple Braced Structures. -5- Destination and Redundant 
Bars. -Triangular Trussed Beam. — Trussed ft'am with twh Struts. — 

Kllect of Bracing and Counter-Bracing. — Strutted Beams. — Deflection in 
Braced Structures. — (general Heiin^rks on Trus.sed Beams. — Appendix. 

From the consideration of the built-up girders under review in the Trus-sbA) 
preceding chapter wo might go on* at once to the investigation of ^kam.s. 
stresses in those built-up girders where the web, instead of lieing a * 
solid plate, is a scries of bars meeting the flanges at .some angle. 

Before doing so, it will be ^iesirable to consider some principles of 
the design of braced o,r framed structJUrcs, and the aj)])li cation of 
those principles to the simplest cases of trussed beams. 

If we take a simple triangle, such as ABO (/'V/ 7 . 86 ), formed of BimplVst cases 
3 bars fastened to one another at their end.s, we see that, however ^tructum. 
it is loaded, it cannot undergo any change of form, without altering 
the length of the sides, or by giving way at tlie joints. With a 
<juadrilateml figure, however, this is not the case, for wo see in 
Fi</. 87 that the sides AB, BC, CD can move into a position such as 
AlJ'C'D shown in dotted lines, without altering the lengths of the 






Fig , 87. 


bars. Such deformation would be impossible if the quadrilateral is 
divided into two triangles by the introduction of a diagonal such as 



Redundant 

barn. 


T’ormula for 
iiscertainmg 
whether a 
beam ih 
propel ly 
trussed. 


The other diagonal/ ^ight be added; but it would bo what is 
^^ealled a ‘^redundant member,” and woijM be unnecessary under 
ordinary circumstances, though in Certain cases in .bridge can»truc- 
tion these redundant members are designed to perform the useful 
function ot counter biacing, a subject which will be hereafter investi- 
gated. If, however, counter bracing is not required, or is already 
sufficiently apidied^; thp redundant members are a waste of material, 
add to the weight to be carried, auti are in some cases a hindi.ince 
to the duty of the iy^ces<^ary members. In the case of a quadrilateral 
we can see,nf we diaw a stress diagram, that one diagonal only is 
necessar}. ijet the frame (Ftf/. 88) be loaded at the left hand top 
corner with a weight Then the stress diagram is as shown on 
Fig. 89. In tins case the bars BD, DF are redundant. If, however, 
CD had been omitted, the stress polygon would not close. If the 




frame had been as shown in Fiy. 90, the stress would be as sbowir 
below, eveiy member would be doing a certain jrait of the ^^olk, and 
there would bo no need for another diagonal. 

The broad principle in the case of an^ truss is to divide it into a 
series of triangles which should be s^few as possible, corrsistent 
with practical rofiuircments of tension and compression members, 
and certain other considerations. 

If the truss is properly braced the following formula will hold 
good. Let S = number of bars of th« truss, A = number of apices 
(where two or more bars meet), then S === 2A - 3. 

If this does not hold good the truss is either insufficiently or else 




redundantly biraced. Tajce cWbeam in i. 

are 8, Iho apicoe are 6. but ^ ' T ’ v# 


!2A-3^9, hence there ie one 
bar wanting. If such is applied 
as shown by the dotted line, the 
frame will be properly trussed. 
If two diagonals are given, S 
will =10, and there will bo >a 
lediindant bar. 

In this truss, however, the 
diagonals are sbmetimes wholly 
omitted, where the load is uni- 
form. The tendency to change 
the form is prevented by extra* 
breadth in the short struts a^a 
Sometimes also both diagonals 
are given in cases where the 
load may be moving acioss the 
truss, and counter-bracing is 
desirable. • 

The equation 8 = 2 A - 3 does 



not indicate the best system of Fig, 90. 

trussing, nor does it show the 

smallest number of triangles that may be used. All that it does is 


to show in any given case whether the requirements of trussing are 
fulfilled. •• 



Fig. 91; 


Tiuhsed Beams in Detail, 

The simplest form of trussed beam is that shown in Fig. 92. » Triangular 

The compression members, i,e,, the horizontal beam and vertical beam, 

post, are usually of wood (sometimes the latter is of cast iron), and 
the inclined bars are of wrought iron or steel. It will be evident 
that this beam, when loaded either uniformly or with a single weight 
at any part other than the central joint,, is under combined stress, 
both transv erse and compressive. 

As the beam is continuous over two spans, we see, fromi^tho 

H 
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Transverse 

stress. 


stress. 


Stress 
intensity in 
nniin ])eani. « 


principles laid down in Chapter I., that the central load, at the point 
0 = |-W, where W ~ the total distributed load. If w be the load per 

unit of length, then the bending moment at C — which for a 

rectangular section . Hence r = A , r being the stress 

6 hd^ 

intensity at the extreme fibre produced by the uniformly distribiitod 
transverse load. ^ 



Now the direct compression in the beam may readily be ascertained 
by ‘the method T)f sections described in Chapter XII., Part 1. 
Drawing a section as in Fig. 92, through AC, CD, BD, and taking 
moments round D, wo have stress in' \CxCD~net reaction at 
B X BC, or calling stress in AC — P and CD ^ h. 

Vh = X y = , since W - wl^ 

t 

hence the stress intensity due to cgnij^ression, only — 


Hence 


P _ 5 wV^ 
hd “ ''^-bdh ' 


. f± I wl- 1 wl^ 

This must not be greater than' the material can stand. 




(i.). 


* S\lieie W'= and = 

Honco 

t It is true that ?* and r' are different stress intensities. The former is the 
Modulus of Rupture, which is not the same as the unit resistance per square 
incli to direct crushing r'. In Part I., Chapter IX., p. 178, the comWed 
stress is considered with reference to the direct crushing only. 
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The tension in the tie bars will be = net reaction x cosec where Tension in 
^ = angle of inclination. But the net reaction is ^ wl^ being \ the 

total weight hiiniis the wl borne at the end of the beam, and 


cosec (9- + 

2h 


Hence tension 


.(ii.). 


Examplk 9. — Design two trussed heams to carry a road bridge across of 

a span of 10 feet^ the roadway to he of 3" planks laid close together^ and *^'**^‘**^^ beam. 
the, width to he 10'. The timber to he spruce A, e.rcelsa). 

The weight on an ordinary road bridge * being a maximum* of 
80 lbs.* per square foot, and the widtji of the roadway being 10', 
the load coming on each beam will be 5 x 16 x 80^ 6,400 lbs. The Main beams, 
weight ,of the roadway on each beam will be 1 6 x 5 x 3' x 30 lbs. • , 

(weight of s])ruce per foot cube) = 600 lbs. Total weight 7,000 llB. 
on 16 feet or 36*5 !!>«. per lineal inch-=^?(;. Thcn^/== 192", and the* 
compressive strength of spruce being on the average lbs., with 

a factor of safety of 5 we g(;t 800. 

Assuming a length of strut* ^4' 2" or 50 inches, we have from 
.(i.), substituting values — 


800 


, 36*5 x 192 x 192 
^ hd^ X 50 


(6 X 50 + M). 


If d~S this gives us a value of Z# = 5*58. Make 8" x 5'^^". 


Struts. 

The value of P= J ^ 6,400= 1,000. liatio of l\d is 8trut«. 

50:4 or 12*5:1^ P= or 4,000 = 400 x A. Hence A = 10 

Make 1" x 4". * • 

* Ten sion , Bods. 

Substituting values in (ii.) we have tension 'I^jnsion rods. 

X \/l92“ -f 4 >^50^=- 1,720 lbs. 

Wrought*iron will easily stand 5 tons= 11,200 lbs. per square inch. 

* In ordinary highway bridges a total load of 80 lbs. or live load of 40 lbs. 
per s(piarc foot is considered sufficient, lii France 41 lbs. is the government 
rule. 

t See Formula (4), p. 160, Part L 

H 2 
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Beno^^a bar will stand *76 x '7864 x 11,200 * 6,600 lbs., and will 
be sufficient. r 

The bridge would then be as in Fig. 98. A thin iron plate; 
sAy thick, will be required at the end of the ‘strut, so as to 

distribute the pressure. The tie bars may be secured tq the beams 
by links and bolts. The shearing stress at the ends A A will 
be ^^-2- = 3,200 lbs., aqd the net area to resist shearing will be 
(8 ^ 1 J) X 5| = 37*25 inches. Taking the safe resistance to shearing 
across the giaiii at 500 lbs, this gives 18,625 lbs., which is ample. 



- - -> 

' ‘ Fig, 93 . 


Weight the 
bridge could 
carry. 


This bridge v ould be strong enoiigH ' to stand a rolling load 
approximately of one half the distributed load. The latter being 
altogether 6,100 lbs., the rolling load would be 3,200 lbs. on each 
beam. This is not etpial tu a traction engine, but is more than field 
artillery or oidiiiaij caits To calculate such a biidge for a tiactioii 
engine, one would need to compaie the Mf and shearing stress 
diagrams produced by such an engine in its passage with the similar 
diagrams for the distiibutcd load. If the former gave large results 
the unit for the uniform load could then be increased, and the truss 
le-calculatcd on the basis of the increased loa<l. It would also be 
necessary to consider the effect produced by the Ciigine in certain 
positions on the span, and to calculate by stress diagrams, or by the 
method of sections, the stiess on each member of the truss. 


' 77 Ui>sefl Beam vMli Tvj^ Struts, 

Trassod beam , Although a trussed beam with two sti uts, and no diagonals, is not 
braced .structure, as we have seen above, it is frequently 
f constructed, and its stresses therefore demand investigation. The 

beam of the tiuss serves (1) to resist tl^p direct compression produced 
by the pull qf the tie rods ; (2). it re Jsts transverse bending ; and (3) 
it serves to distribute the load over the whole truss. 



Let.it be assumed tb^t the load is supported by struts 
end. A load W rolling across the beam produces a s® 

shown in Fig* 04, ^ ^ 



Fig, 94. 


Let ft = height of truss, h and d, usual,* the breadth* and depth 

of the beam. , * 

If then W be over any one support the reaction will be found in 
exactly the same way as for an} supported beam, whether trussed 
or not. Hence 


-TVa - ♦ 


A part of W is carried > j the strut directly })clow it, the remainder 
supported by All, and is biouyit to bear at D 

Since the distortion is small, and the tie btiis AO' and BD'^are 
practically of the same inclination, their horizontal components are 
equal, being equal to the stress in O'l)'. Hence then veitical coip- 
ponents must also he equal. 

But the \eitical components in these tie rods are equal to the 
vertical compiessive stresses in the shuts CC' and DD'. Hence 
the compressions in thpse struts are equal. 

From the symmetry of the trussing, if the point D drops a certain 
amount the ])Oi*t C will rise the same arrifiunt But the force which ^ 
causes C to rise is the thrust itiPCC', and the foi ce w^hich catises D to 
drop IS The diirerenco between the, load W acting at 1) and the com- 
pression rn the bar DD', the 'latter tending to pi event deflection, 
Hence the remaining portion of the load W, after the upward thrust 
of DD' is deducted, is equal to the tli4*ust on GC', or the thrust on 
DD', That is, AV is divided into two (approximately) equal parts, 
one half •carried by the strut, the other resisted by the transverse 
atressos in the beam.* 


* This proof, as well as some others in this chapter, is taken from Professoy 
Johnson’s Modem M'rAined JStnicturts, Another proof, by Major H. D. 
Love, R K. , is^given m tho Appendix to this chapter. % ^ ' 


Single load. 




Reaction. 


% 


\ 
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Conipreasion 
in main iK^ani. 


Tension in tie 
barn. 


Hence compression in AB = tension in C'D' 


W 


cot 0" 


W 

‘ 2 3/j 6/j ■ 


.(iii.). 


Tension in inclined bars = vertical thrust in CC' or DD' x cosec ff 


W 





Transvoi'Mc Since the centnil j)oiiit of the beahi F is tlic point of contra-floxure, 
there is no hencliiig moment there, and it may be taken as a free 
supported end. The shear at that point, taken with reference to 
the right support, is |W - W — JW, which is the same as the shear 
referred to in the left srippoit. Hence Mfat C or D 

= (y.). 

' As this, in a rectanguhu* lieam, must be 

ibeP 


wo get 


\V7 


.(Vi.). 


Aiid as the intensity of the direct stress in AB from (iii.) is 

• _ 

mi/’ 

\\i 


r+r. 


md' 


A^h + d) 




which gives the maximum compressive stress per square 
inch in the beam, under a load W. 

If either of the lieams shown in Figa. 92 and 9^ -are inverted, as 
in Figs, 95 or 96, of course the saihe formula? hold good, only the 
tensions become compressions, aiwl rice m'sd. 

Case* of uni- ' If the Weight is uniformly distrihutedj over a beam Avith two 
struts, \^wl comes over each intermediate supjjort, and the bonding 
wei^^ht. moment at that support 

wP’ 

^90’ “ 6“’ 


TmuHV erso 

stress on main 
Ikwu. 


hence 


r=x 



♦ See Table II., p. 33. 
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The direct stress = not reaction x cot 6 



_llwl 1 _icP 
30 ^3A~90) 

Hence 


90/i X bd^ 

and 


^Ohbd- 


Dir(*ct 
rompres&ion 
cn mtfin benm. 


(viii.). 


This gives the maximum compressive stress per 
square inch in the beam under a uniformly distributed 
load wl. * . , • 



1 

I 

I 


Fitf. 96. 




The tension on the tie bars = net reaction x cosec 0 = ivl cosec 6 TenMtm m 

• » tie bais 

90 '"' + “' <“■)■ 

Example 10. — Design a 'pair of trussed beams, with two stmts, /o Example of 
take a cart load 10' wide over a span of 30'. Timber, red fir, with* 

The vN^eight of the roadway being taken, as in Example 9, at stmts. 



Main 


Tip bars. 


Greatest 
single iveigbt 
l)f*amcanbtar. 


Sti uts. 


lbs. per lineal inch, wc have for tlie main beam, if we take il 
len^h to each strut of 4' 2" from <viii.) 


»-=on4-L<Hrf + 6%). 


36*5 X 360^^ 


Take r = 1,200, and take d — 8". This gives a value to ft 

of 4 22. Make 8x1]'. If 2 ' bolts are used, the safe resistance 
to shearing of the timbei at the ends will be 6" x 4 5 x 500 

— 13,500 lbs The stiess i^ill be = 6,570, so that the 

2i 


beam is quite safe against faijure by shearing 
Tchbion oil tie hais from (ix ) 


11«4;Z 

■"“90A 


- 


11 


X 36 5 X 360 

90 X 5b ^ 


s/360^ + 9x2;B00 

— 12,5001bs. = 5 8o tons 


As wrought iron w'lll stand a safe pull of 5 tons per square inch, if 
«diamctci, x 5 — 5 S5, wl^uice (Z - 1 ^2, say 1 
To find the (jieaUsf udqht that the beam can heoi from (vii.) — 


becomes 

whence 


/ +?i 


WZ 


Qhbd- 


,(2/i + rZ), 




W 2,518 lbs on each beam 


This ib more than the weight on one wheel of a ^Jpaded cart in 
ordinary tratiic . « 

The stiess on the will in, each case respectively be* either 

t4Z = 4,830 lbs. 31 1,259 lbs. Taking the former, we 

‘ ^ 

have 4,83(J^,lbs. (==P) as the /stress coming on 6"xic, te., assuming 
that the least dimonsion of the strut is 6". As the net length of the 

strut is 50*5", ^==8 33. Hence from Formula (3), p. 160, Part t, 

fh 

P = f c4> or 4,830 = X 1,000 x 6 x or, Whence x might = 1 inch. If 
we make the stiut 4" x 4" it wull be stirong e|i0ugh. Ftg, 97 i^howa 
the trussed beam. 



Ifc will be observed thabin these exemples thf isfcre^Okorie^^*Seams 
as continuous, just es the rafters in roofs (Chapters Xt 
Part I.) are so reckoned. This is strictly accurate only when the 
supports are all on one level ; the effect of changes of temperature ^ 
would be to alter the stresses to a ceitJain extent. The formula^ 
however, would bo as nearly accurate as is jiossible to obtain, antt 
the latitude allowed by the factors of safofy would cover minor 

VMl TJlflAnS. * j 



It is also notowoitfiy that the gi eater the length given to t£e 
struts, the less will be the stiess on the hoiizontals and tie bars, as as 
Hence it is decidedly economi^cal, wh(|{*e ciicum&t.inces admit, to 
give considerable length to the stmts This is piacticilly the same 
-as saying that the greater the depth given fo a tiuss, tin* less will ^ 
be the stress on the members 


When the beam is tiussed by cross bais, as in Jhg 9S, the ^ral)e 5 soldal 
investigation is simple Each joint of the tiuss ina> be nuostigated 
(as far as diiect stresses aie conecincd) by a ‘>ti(ss di.igiain, or by 
the anal^^tical value of the sti esses, asj shown in 7V/ 98 for a 
pnticulai case Fuj 99 shows the stiess diagi iin foi such a case. 

This will give th*^ diiect stresses on each nu mbci of the truss, and • 
the combined bonding and dirc'^t stiess on the upptu hoiizontal 
beam can tie easily worked out on p*inciples picviously investigated 
and exemplified. All the ocher stresses are diieot only. ^ 

It will be noticed that in Fig 98, it theic is one bar as EF, it is Altemat« 
in tension when the load is above DE.*. If the load roll as far as bahi. 

FG, EF ivill now become a stmt. In the design, therefore, we have 
two alternlitives — (a), we may either make the bar EF of sucl^ a 
section as will resist eithei^ tension or compression, taking care to 
give the metal a sectional area based upon the consideratioh od the 
aevcrsal of stress, and the consequent fatigue pioduced; or (^>) wd 
may give a second diagonal bat as shown iu dotted linqg, which, 
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1)eains. 


although inoperative while the load is at DE, will come into tensiors 
when the load is at FG, and will relieve EF of all stress when the 
load is at FG. 

irr 

A Q * 

j) & 

jrr 





F • ' 



C 

9sec 
yot t 

Fig, 98. 


r s cosec 6 
t • cot 0 



The second alternative is^the preferable, for not only is it possiblc- 

to use light tension rods for both 
diagonals, but the j)ermis9ible unit 
stress on these diagonals will be 
at least twice as great as the 
j)erinissible unit stress on a single 
bar, aubject to reversal of stress. 
The princij)le of putting a second 
redundant bar will be, in a sub- 
sequent chapter, alluded to under 
the heading of “ Counter-bracing.” 
It is well, however, to understand 
the principle thoroughly here as applied to a simple case. 

In the above investigation we have assumed that the wholo 
structure is jointc<l. Tliis is not strictly accurate, because the beam 
is continuous. It is the same general princijile as adopted in the- 
investigation of roofs (see Chapters XL and XIL, 4^art L). 

The Mff, due to a load rolling * across, will be ^ (because the 
centnd third may be regarded as a fixed beam of length ~ , and we 

know that the Mff, in a bfeam of length L and weight W, is 

and will occur at the junction of the struts and beam, 'and in the 
centre of the spans. 

„ Sirutt(d Bkiim. 

These are the converse of trussed beams, the stresses produced 
and the ^investigation of those stresses being analogous. The beara 
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may be either strutted, as in Fig, 100, corresponding with the 
triangular truss in Fig. 93, or may have a straining J)eam as in 
Fig, 101, corresponding to the truss in Fig, 94. 



Fig, 101. 


The triangular form in Fig. 95 or in Fig. 100 h.is a thrust down Triantrular 
each inclined strut of W cosec 6, W — wl being the total distributed 
weight on the sptin /. There is, therefore, at the loot of this strut a 
horizontal thrust of W coo 0, and ai7 e(|nal tliiust along the 
horizontal beam itself. This thrust is combined A\ith the transverse 
stress produced in the beam itself, which piodnces, as we have seen 
al'iovc, a maximum stress intensity of — Hence, as in 

Equation (i. ^ (6A + 5(^), aiid the thrust on the struts 

5W 

When the beam is supported by inclined struts below, as in Fig, 

100, the cleats or blocks at the foot of the struts must be designed 
to bear a vertical shearing stress of W. 


ips ' 

Vanoiis forms With the trapezoidal form of strutted beam We may either (a)f 
have the fqrm shown in Fig. 101 ; or (J), that in Fig* 102* 

beSm^ 



Ftg.^ 102. 


Stress on 
straining 
beam. 


'' 111 the foimer cabc thcie are transverse joists c, o' transferring the 
weight to the fiame below. AB is simply a beam continuous over 
thiee spans. As rcgaidb the stmts and straining piece, they are all 
under direct stress only The stresses arc as written on the 
rnemboi s. 

There is no object in having horizontal bars AC, D'B. 

The second case 102) may bo considered to he a beam con- 
tinuous over two sj^ans, where the ccntial support (CD) is very wide, 
and the cential pier consists ot two incline®^ struts, EC and DF, and 
a straining bcani CD The reaction at the central pier is approxi- 
mately 5 ul, where n -= weight per unit, and /= length of the beam* 
Hence CD i^ under combined stiess, viz., the transverse stress of the 
weight wlj and the direct stiess J wl cot 0. As Cl), legaided as a 
beam under tiaiis verso stress, may be reasonably considered as fixed 
at the ends, its IVIft will be WT ny' being the total distributed load 

= ^ wl and V its total length, CD = J /) = As the 

~'‘bu, • 



1 10$ . 


Coinpre$8ioii on etrats at ^ eosec ^ 

o 


wl / 

■5jVp+M' 


I^clmed 



Tixe main horizontal beam AB is under transverse streto only* 
each pf its outer segments AC, DB being in thp condition of a beam 
supported at one end and fixed at the othei, in which, when unifoi mly 

loaded, the may be proved (Case 7, Chapter I ) to be , 

o #2 

and as Jl, J 7bd% 

.. u 

(xii ). 




Uhl- 


Sometimes diagonal pieces aie g^\en, cSS shown in dotted lines AG 
and BH, Fig, 102, The only object of these is to i educe the length 
of the struts EC, DF, and prevent buckling in the pi me of thp^ 
biidge. 

If a tie lod be given as shown by the dotted lins EF, its tensioif 
will be equal to the thiUst on the abutmeius^ \ icl cot 0 
Example 11 — Design a pan of stmttal heam\ as m Fig 102, Example of 
talc a cart toad 10' loide, ciei a span of 30 Tnnhciy led fu 2 "^^ strutted beam* 
struts to use fiom a point 8 heloio th hoirontal ben in 
The value of w is tikeii as in formei examples at 3C 5 lbs per 
lineal inch, / = 3G0 and A ^96 inches 

The maximum compiession in the wain beam AB is found from Mam )>eam, 
(icn )~ 

uP 


' 12M ’ 


or 

fiom which 


1200 = ^ , 
1 2 X bd- 


Make 5x8} 

In the straining beam CD, fiom (\ ) — • 


Stramnici^ 

beam. 


making 

Make 


^= 8 ', 

8" X 8". 
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Struts. 


In the struts CE and DF, the length is about 128". 
dimension may be taken at 8", so as to frame with CD. 

. The stress on the^tnit is, from (xi.) — 


wl 




whence, substituting ^s^ahies 


The least 


36*5 X 360 
9x36 


+ 9 X 96-' 


7012. 


Since 


I28:8::i6:i, 


P- or 7012-;600x A, 


/. A = less than 12 squafre inches. 

For practical reasons the struts may be made 8" x 8". 


The Hurroo Bridge {Plate V%), built by General Sir A.' Tayloi*, 
" GjC.B., E.K., is jin instance of this form of .structure applied on a 
somewhat large scale. The spans are 40' and the thrust on the 
piers is taken by wooden tie-beams. ‘ To prevent deflection in these, 
they arc supported by iron ([ueen-rods. The stress in the latter is 
very slight. 

Dl'.PI^KCTfON OF KrAMED STRUCTURES. 


Deflection f 

framed 

structures. 


Professor 
Jolin.son’s 
“pull over' f’’ 
formula. 


To ascertain the deflection of a trussed heam or any framed structure may 
appear almost iinpossildc owing to the variatic ns in the elasticity of the 
materials. The best method appears to bo tliat proposed by Prof. .Jolinson, 
which is as follows : — 

Proposition /.-—The external work of distortion in a framed structure is 
equal to the internal work of resistance. 

Proposition JI . — The deflection 1) of any point in a framed structuic 
subjected to a given load is given by the formula 


Dr= 


K 


• •(«). 


where ^j = »trcss per scpiare inuh in any member for given load. 

/ = length of any member. 
n — factor of reduction. 

ddiis is conveniently called the “ pull over E” formula, d'he quantity 

is computed for every member, and D = tlie algebraic sum. c 

Proposition. III . — When there are two or more paths over which a load may 
travel to reach the support, the load divides itself among the several paths 
strictly in proportion to the rigidity of tin parts. 

“The relative rigidities of the paths are indicated hy the relative loads 
required to produce a given deflection, or they are inversely as the deflection 
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produced by a given load which is required to pass wholly over each path in 
succession. Having established this proposition and computed the rigidities 
of the paths by Proposition II., we can write enough quotations of. condition 
to enable us to solve for any number of redundant members. This proposition 
applies to all structures whether framed or composed of masonry, as in the 
case of a curved masonry dam.”* . 

If we call W the external load, P the stress in any member, Z the 
distortion produced by P, and d the deflection in tl^ truss •produced by the 
•distortion of that one member, then 


for we may assume the structure to b«‘ perfectly rigid except one member, 
then all the deflection in the truss will be due to tlie distortion in tliat one 
member. Hence the total deflect ion D = the sum of all these deflections. 

Now since E = ratio of .stress to strain = the t<»tal stress on the member 
-r total increment produced by that stress — « 




pf 

Z 


or Z = 


pi 
E ■ 


Also since W may be any load placed at the loaded point we may make it one"' 
pound, and then calling tbo resultant stress in the member due to this one 


pound we have 
Hen< 


P 

W I * 

I 7 ^^^^ 

W' ^ E 


III applying this we know p, and E, hut not «. “Since this is a pure 
ratio equal to the stress in that member for one pound placed at the yminl, we 
simply put 1 lb. at the point^wliosc defleetioii is desired arul liiid the resulting 
stress ill every nicmbei-, either analytically or graphically.” The formula of , 

■course takes no account of bending stresse.s. 

To apply this to the simplest case, viz , the trussed beam in Exam])lc 9. Application to 
The problem is to find the deflection, when the stress intensity in the Himplcst form, 
timber, — 800 lbs , and in the iron rod.s ,5 tons, say 10,000 lbs. pf Then 
the unit stresses in the various bars in the structure foi’ a load of 1 lb. placed 
at the centre of the ^pan arc as shown on Fi(j. 10.3. • 



Then calling E and E' the moduli of elasticity for timber and steel (say 
* Theory and Pract ice of Framed Structures^ j). 220. 



I,4p0,000 and 30,1&00,000 lbs. respectively), I the length in inches and h th<^ 
length of the strut or total depth of the truss^ we have for the upper bar 


for the strut 





=.i)„xlx/txi, 


for the tie lod 
Hence total 


_ ;2x4A“x 1 


■ i'u * *) *Mli- K*-)-!''*"') ^i) ' 

Substituting \ aluos 


Pc i 

K 


MOOJ . I -02^ / «1>0 L 

(.-I x.) ) (^4^ gQ^,4()0()00 I- 400^30000000^ 




= *518 inches. 


The objection to the above treatment is that it involves taking aver agec 
values for the tensile and compressive sti esses and p^). These can only be 
approximately computed, but as the assumed working loads are generally 
greater than the actual loads, it is a justifiable method of working. 


Gnieud lienual'i on Bami>. 


Struts 
generally 
Targe foi 
practical 
leasons 


Travelki^. 


Braced 

purlins. 


Cambei . 


The struts in trussed beams aie generally made much larger for 
practical reasons than IkS necessary to s.»tisfy the requirements of theory. 

From the foininhe in this cliaptei it will bo readily seen that the 
greater the dcqith given to the truss as a whole, and consequently 
the greater tlio anule between the horizontal beam and the tension » 
bars the less will lie the stresses on all the aiembers. 

Flys. 104 and 10.5 shows forms of travellers, which are sometimes 
made with tliiee struts. The principles of construction would be 
the same as those considered above. Travellers which arc built up 
of continuous plate vvtdis, and flanges, would probably be more 
fiequently used where heav)^ weights had to be hapdlcd, rather than 
the braced form here shown. ^ 

Where purlins are braced, a form of construction which can at 
times be used in roofs with considerable economy, there is no neces- 
" sity for countoi -bracing, as the load is uniformly distributed. In 
warMibuses for carrying heavy weiyht% the floor girders may some- 
times be advantageously strengthened by bracing. 

Oarnber is given to trusses cliiefly for the sake of appearance, 
vl'he amount given is generally a proportion of the span, but should 
' theoretically = the deflection When fully loaded, so that when the 
truss is loaded it may not have au appearance of weakness. Giving 
a camber not only adds no strength to the truss, but if the truss is 
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tiglitened up in order to produce the camber there are initial stresses 
produced in all the members which must be deducted from their 
available capacity to resist the stresses produced by loads. 



Fig. 105. 


The various forms of beams ctwisidercd in this chapter present, in 
the crudest and most elementary forms the principal methods of 
bridge design. (1). The trussed l)cam with load above and trussing- 
below (Figs. 92 and 93), is the simplest typo of what are known as , 
dec/,’ bridges, where Ihe weight is carried on tRe upper flanges. 
(2). The trussed beam with trussing above the line of the load 
(Figs. 95 and 96), is the simplest form of ihroitgh bridges. And (3), 
although in the strutted beam wo have otdy sliown two forms 
(Figs. 100 and 102), one with the sti utting in two, and the other in 
three pieces, yet it is evident that the number of strutting pieces 
might be indefinitely increuse<l, forming ultimately the itrcJi. There 
is still anotln^r method ^4), the converse of the strutted ]>eiim where 
the load is suspended by tension bars or chains, as in Fig. 106, 
instead of being strutted from beneath. Tliis gives the simplest 
form of suspension bridge. 



Fig. 106. 

Tt will be our task to examine the detailed development of these 
various forms in following chapters. 
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APPENDIX I. 

Major Love’s following investigation of tlie trussed beam is given by Major H. D, 

fru^l Kr Love, R.E., in the li,E. Journal for August, 1897 

The loaded point P of the continuous beam ABCD {Fig. 108) is dedected 
‘ and falls below the horizf»ntal line AT), and from the symmetry of the truss tho 
' point C must rise an cipial distance above this line. Hence there is a point of 
inflection or virtual joint' at O. The Mf diagram in the beam is shown in 
Fhjs 107. The outline of tlie truss Aiy^^l) forms a diagram suited to a 
certain loading (Case S, )>. 72, Pai t J.). But the Mf diagram due to the load 
W on the truss is a triangle A(l!), and the two diagrams must intersect in the 
points A, O', 0, and D, wliere the in the beam = 0. Hence the ordinates of 
the shaded area give the bending moments which must be resisted by the beam 
itself. 




JD 


JB 



Fiy. 107. 



It is casilj^ seen that KO or PH 

.,>.1 1 ow I Wif 

w 

But this is the M; which u ould be lu oduced by a load -- at B in a supported 

/ W 

beam of a length . The siiess in the strut BE is therefore = - . Also 

since the AL at C-AI. at B and the fo lucr is due to the thrust of the strut 

W 

OF, it follows that the stress in this strut niust = -^ . 
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If $ be the inclination of the tie-rods to the horizontal and h the depth of 
the truss at the centre — 

W 

Tension in sloping ties = - oosoo 0, 


,, liotizintal ties= - cot 61 . * 

Till ust in beam — ^ <ot ^ 

2 • 2 

The stress in the hoii/ontal ti<* iiia^ bo (heiktd hj t iking iiionicnts about O. 
Call this stioss P 

\V '-P .A . 

2 b . 


*^1 lio mixiinuin coinpiossne stioss in a ic<tingulu lx am of section />,«/, 
assumiiiQ^ that the points t>(^ do not <hlhct sonsibh, is 


1 b/th(/ 1 S /}(/“ 


Uh<h/i 


(2/i J //)• 


which IS th( &<iint as K piation (vii ]> 102 


I 


o 



•CHAPTER V. 


0 


Braced Girders, with Parallel Flancjks. 


Alternative Methods of EiKHiiry. — Types usually found in Practice. — Methods 
of Iiu’estigation. — Simple Method , for Symmetiieal Loads. — Rules for 
ascertaining Stresses. — A])plication of Rules to Cantil'^vcrs. — Fixed and 
ContiniioiiH Rraced (lirders. — Lnsymnictrie-al and Rolling Loads.- -Cal- 
culation of Strengtli of a given Byaced (lirder. —Example of Simple Road' 
Bridge. — Major Bate’s TNa tahle Bridges. 


Braoki) 

Girders 

ISL'tliods of 
investigation. 


Evolution of 
the type. 


In the investigation of built-up girders with parallel flanges wc may 
pursue one of two alternative methods of enquiry. 

(A) . We may regard the structure as one beam, and proceed by 

following the laws for t]*ansversc stress, regarding the booms or 
flanges as taking the whole of the resistance to the Moment of 
Flexure, and the members wliich form the bracing as resisting tlio- 
sliearing stress. ^ 

(B) . We may view tlio whole as a braced structure pure and 
simple. Wc may dismi.ss all ideas of transverse stress on the 
structure as a whole, and proceed on exactly the same linos as we 
should adopt in the case of a hi’aced roof. 

The former method of investigation is representative of English 
practice. The simple beam has, by* a ])rocess of evolution, become 
refined, first into a rolled lieam of I section, then into a plate girder, 
with the material arrangml economically in the flanges, but with 
an e^xcessivc quantity still in the web, and, lastl}^, into the lattice 
web or braced girder form^, the whole being fastened together a& 
securely as possible by rivetting at the joints. 

In America, the braced girder was evolved from wooden or com- 
posite trusses, and the term “ truss is still used in that country for 
what is in England called a girder. Each member in the truss is 
treated as having its own individual function to perform, and the* 
joints arc usually pin and ]jnk connections. 
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In Chapter III. we have investigated the girder in its pennltimate 
stage of development, and in Chapter IV. we have examined the 
simplest forms of braced structures, as applied to bridges. We are 
therefore now in a position to use either mode of investigation in 
the examination of braced girdei‘s, and will find that there are 
advantages in thus having two avenues of approach to -the same 
subject. • 

A few of the fornts which are ordinarily used for this class of Ordinary 
design arc shown on IHafe VI. The N, W}nj)[)l(i-Murphy, or Pratt 
truss, is shown on Fifj. 1. All the, verticals in this truss, as shown, 
are struts, the diagonals tics.*^ If the diagonals were sloping the 
otlier way, as in Fit/. 2, they would be struts, and the verticals 
ties. The former method has the advantage that in it thb struts are 
of minimum length. On the other hand, with timber and iron bars, 
the joints are more easily made with the form in Fif/. 2. This form 
is one c^f the best types of braced girder for tcm])orary work. The 
roadwa}^ may be either (in the upptfr or lower boom, the fomici* for 
preference, if there is*sullicient lu'^adroom Ixdow. • 

A coinliination of two or moiv systems of triaiigulation of this Linvillo 
form is often used, as shown hi ‘1. This is sometimes called 
the Linville truss. S«c also ^'^/. 8. 

Where all the braces are inclined at the same anghi, and there is Wam'n 
one system of triangnlation, the type shown in Fif/. 1, called the 
Warren girder, is produced. This is nincli used in India, and is 
there the standard typ^ for railway bridges fiom 100' to 150' span. 

'Fwo Warren girders, as in Fif/. 5, form the siin])le.st t 3 q )0 of lattice 
or trellis gii’der. Here there are two Avch systems of ti-iangulation, 
but there are sometimes more than two systems. The infinite 
multiplication of such systems would, (‘oiir^e, e\entually become 
the continuous plate girder. 

Sometimes the Whirrcni ^ird^Jr is made*witli verticals at intervals, Howe truss, 
as in M(/. 6. The form shown in Fif/. 7, and* called the Howe 
truss, is also frerjuently found, but either tlui vcitical bars, or else 
half of the diagonals, arc redundant, except as regards rolling ^loads. 

The investigation of this j)resents pc^iuliar difficulties, which will 
be noticed 'later. 

These*are the usual types found in practice. Other types would 
be investigated on the same lines as these. 


* In the Uiagr.anis of this an<l other chapters struts arc sliown in thick lines, 
sometimes in red. Ties are sliown in thin liQ9H, c)r else in blue. 
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1. Lathom’s 
metliod. 


2. Clork 

Maxw«lJ'f> 

method. 


3. Clj.xton 

Fidler’s 

method. 


4. 

for Mi. 


5. Method of 
sections.* 


Methods of Investigation, 

When we come to consider the method of ascertaining the stresses 
in the various members, we find that there are several ways of 
doing so. These may be briefly stated as follows : — 

1. Lntlwrn's Method . — The reaction produced at each support by 
each portibn of tlje load acting at each panel* point is first ascertained 
by the ordiraii’y rules 'for reaction in supported beams, and the 
effect of that reaction on every bar of the truss considered. These 
effects arc tabulated, and the algebraic sum taken as the At 

stress on the bar in (piestioii. This method is very laborious, and 
though it was some 30 years ago universally used, is now as univer- 
sally di.scardcd. 

*2. Clerk MaxiveWs MeJJwd. — This consists in drawing stress 
diagrams for the tru.ss in the same way as described in Chapters XT. 
and XII., Part L, for roof trusses. This, although convenient for 
•<^l^ad loads, would involve, in the case of rolling loads, a fresli^ 
^liagram*for every position of the load, and would therefore involve 
much la])Our. * 

3. Glaxton Fidler\'< Method -. — This cqnsists in regarding the girder 
as an extension of tlie ti-usscd }>eams described in Chapter IV., and 
applying certain simple rule.s for the stresses. ‘ 

4. By regarding the whole as a l)eam, and using the diagrams for 
the bending moments and shearing stresses, as in the case of a plate 
girder. This is the method used liy French (jngineers. 

5. By the method of sections, as described in Chapter XII., . 
Part I. This is in all cases useful as a check, and is largely used by 
American engincci's. 

We may, of course, use any combimition of the above that may 
help us to ol)tain the re<j[uired information as quickly aftd as exactly 
v.s possil)le. 

The first and second melliod.s may be put on one side as being 
tedious. The fourth and fifth methods are very useful, but need 
not be specially described, as the .subject has already been discussed 
for other forms of striicture.s. The third method is very simple and 
easy for all uniform loads, and for lor Is symmetrical with reference 
to the centre, and may now be described in general terms. t 

* Panels are the divisions into which the girder as a whole is divided by tlie 
intersection of the longitudinals witli the braces. 

. t The process here described is Hot exa,ctly that given by Mr. Claxtoii 
Fidler, but is based on his methods. It is partly derived from French ' 
writers. 
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In Fig^ 109, if wo conceive the weight W to be suspended from the Single weight 
apex of the triangle ahc^ which in its turn is suspended from the'o^bareT^*^^^* 
points d and e of the trapezium Mef, we see that the weight W is 
transmitted in equal parts to the abutments at h and / by the bars 
ha^ ad, dli, and he, ce, and ef. We see also that the bars hi, he, dh and 
ef, which slope upwards towards the cefttro, are struts, and tHat the 
vertical bars are in tension. 


et 



If, however, the framework be inverted, as in Faj. 110, the amount 
of the stresses remains the same, but the natioe of those stresses is 
altered. The bars which slope downwards towaids the centre are 
ties, and the verticals are now in comj)rcssion. The path along 
which the weight W isjbransmitted to th(' almtmeiits is the same as 
before, and we still see that the u])per hori/ontal bar of the frame- 
Avork is in compression, the lower in tension. 




r 




If we take the arrangement of bars represented in FUj, 111, Avbich 
is a further extension of the same principle, Ave see that the triangular 
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beam abc is supported by vertical bars ad^ ce on the trapezium hlef, 
and that this, in its turn, is supported by vertical bars at the points 
^ and y on the trapezium jigh. 



Further, wc see that tfie stresses on all the inclined and vertical 
' bars are simply those due to the portions of the weight \V trans- 
ferred to the abutments, l)ut that if we consider the harixontal 
mcnd)ers as bound together, or otherwise united into one, the stress 
^between a and c wiW be the greatest in the whole structure, and those 
on ////, id, eg and //: will be tlio least. 

It will be noticed that this is in exact accordance with the 
rules for Moments of I'dexure and sljiearing stress in a supported 
beam. 

SevjTal (‘(lual If we wci‘e to put e(|ual loads 'n\y at the points i, d, c and //, 

(UstautTroni it is evident that the stresses produced by such loads must be 
jeiitro. additional to those already existing in ih, hd, Ja, ah, he, etc. Further, 

any part of the weight n\, conveyed from d towards the right abut 
ment will, in crFcct, be neutralized by an equal portion of the weight 
at c conve3u;(l in the oppo.site direction towards the left abutment, 
or (to ex])ress the same fact more scientificall}^), ,7 of u\, will cause 
compression in ah, while jr of w., will cause tension ii^ at!. These will 
'•neutralize each other. A^ain, ,1 of will cause tension in hd, while 
of 7^;^ will also cause tension in hd, hence we ma}'' consider all the 
weight to travel along hd, hi to the left abutment, and (dl the 
’'weight at r may* be considered to pass along (if, fg to the 
right.* 

But although on this reasoning the iii,.rcmcnts of weight 

w^, will have no eflcct on the central web bars, they have an,appreci- 
able effect on the central horizontal bars. For any inci’ement in 
the stresses in ef, gk will produce corresponding increments in hf 
aud jk, and consequently in ac, if we consider the horizontal bars all 
bound together in one. 
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From these premises we deduce the important practical fact that 
v/i anif h'aeed girder vjitli sfimmetrical loads we ran hg simple addition nmnl)er of 
write down the amount of the stresses on any member of the girder^ and by 
inspection con ascertain the nature of that stress. 

Til the case which we have been considering, let us supjiose the 

girder loaded with weights w, v) at 1i, «, o, c and f and with Uo 

at / and k Then, starting with the Aveb Imrs froih the centre, we 
see that the stress on oh (Fig. 112) will lie w, and that half of this 
vdll be transferred to each abutment by tlie bars ha, he. The stress 
on each of these will consequently be x the cosecant of the angle 
which the bar makes with the horizontal. At ca. fresh increment of 
weight comes in, hence the sticss in ce is and in like manner 
the stress in ^/is l^w; cosec 6. Similarly, the stresses in\/>/ and gh 
ixre 2^?/; and 2\w cosec 6 rcsiiectively. , * 


Tt Iiv \w \w 

cu cot e 4ir cot6 f' ^/ifycotdTe. 



i rl * h^ircotd e J^yjtwcotO^ 

Fig, 112. 


As the stress in gh is *2\w, the stress in kj, an<l also in ge, must, for 
equililmiim, be equal to cot 0, from tJic principle of the triangle 
of forces. The stress on rf must be the sum (d’ tlie stress in fh and 
the horizontal component of the stress in ef - 2.1 /r cot IJ«j 
cosec 0 X cos 0 -=- 2lw cot 0+ il w cot 0 = 1 /e cot- 0. 

For the same reason this will also be the stress in b . The stress 
in oe will, on thc^ame reasoning, be ^IwcoiO. • 

To ascertain the nature of the stresses,* xve know that all bars 
sloping dx)wnwards to the centre must be in tension, that therefore 
the verticals will be in compression, that the upper boom will be in • 
com})ression, and the lower Avill be in tonsiofl. • 

• 

Buies for Ascertaining Stresses in Symmetrically Loaded Girders, 

The general rules for stresses in symmetrically loaded braced Gr*ii(‘r{il mt s 
girders with parallel flanges may be, therefore, as follows 

(1). Write on each inclined bar cosec 0 (or any symbol 
such as r), and on such horizontal bar cot 6 (or any symbol 
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those for IMf 
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such as 0, 6 being the angle of inclination of the bar to the 
horizontal. 

(2) . Working along each series of triangles, for eacb 
inclined or vertical bar write the vertical weight between 
it, on its own series, ^nd the centre of the span. In the 
case of Inclined bars fhis will be multiplied by cosdc 
already written. , 

(3) . In any horizontal bar write the sum of the horizontal 
components of all the bars meeting the bar in question ait 
the end nearest the abutment. 

(4) . All bars sloping upwards to the centre are struts, 
all sloping downwards. to the centre are ties. Vertical, 
bars are struts when the sloping bars are ties and “ vice 
versa.’* They changfe sign, however, in the centre (i.) 
with distributed loads; and (if.) at the weight, in the case 
of a concentrated load. The upper horizontal bars are 
struts, and the lower horizontal are ties. 

It miist be reiivimbered that these rules do^not apply to cantilei'era, 
nor to beams continuous over several spans. These would bo 
investigated by .similai- nu;thods, and Vvill be explained presently. 

The girders shown in Fiy.'t, 2, 4and*G, Flate^VL, show the stresses 
MTitten against the nicinbers according to these rules. 

These rules correspond, it will be observed, with those for shearing, 
stresses and Moments of Flexure. 'The inclined bars, taking the 
shearing stresses, transfer tlie horizontal portions of those stresses to- 
the booms, and th(i vertical portions to the abutments. They are a 
minimum in the centre, a maximum at the abutments, corresponding 
with the oi’dinates in the diagram of shearing stress in a symmetri- 
cally loaded Ix'am (/wV/. 113), whereas the stresses in the booms arc a 
minimum at the ahutments, and a maximum at the centre corres- 
ponding with the ordinaTcs to the -Mf curve, as in /Vy. 114. This 
curve will, indeed, give us the stress at any point of the beoms, for 
we know that the ordinates show the Mf which is -the Moment of 
liesistance r((dy and as^//, the dejjth of the girder, is constant, the 
ordinates give us graphically the valns of the varying stresses, pro- 
vided we make on any convenient scale the central ordinate 
^\Yl-^Sdy where \V is the total weight on the beam, I and d the 
length and depth. 

The shearing stress diagram {Fig, 113) shows, by its ordinates, the 
value of the vertical or horizontal shearing stress at any point. In 
order, however, to find the actual stress coming on any inclined bar 




Fi(j, 114. 


Similarl}^, Fig. lepresentb the Mf dia<;i .im. Lot this be drawn 
both above and below the beam Ikie AB. Xhrongh the })anel points 
oil the Mf# diagram above AH (viz., //, a^ r, f) driw dotted lines 
parallel to the beam line and meeting verticals tliioiigh those panel 
points. Then the ordinates to the dotted linos rcjircsent the stresses 
in the various members of the girders,^r.r/., any line .r// between A 
and C represents the compression in the u])pcr boom of the girder in 
the end panel {2^w cot 6). For the lower pait of the diagram the 
stresses in the members of the lower boom arc represented by the 

ordinates to the diagram C£FG D, where the shaded rectangles 

represent by their ordinates the horizontal components of the stress 
in the inclined bars gk, ef^ etc. {Fig. 112). ^ 
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It may be objected that the ordinates of a IVff diagram represent 
monienis^ not foices or stresses. But in the case of a girder with 
parallel flanges, the Mf diagram is also a flange stress diagram, 

]\I 

because — ///(/, and as d is constant ^ — Hence any 

ordinate, such .is CP^, divifled ])y the constant depth d, tepresents 
the flange stiess. ^ 

Explanation There are one oi two ni.ittcis in connection with the rule's given 
In rut s whi< h inav ie<[uiic cxpUn.ition. liule 2 regards each series 

ol tii.ingles .is a p.ith .ilong which the verticcal loads are transmitted 
to the .iljutinents Thus niFnf. 1 15, which icpresents a half ele\ation 
of a W.uii ‘11 giidei with two seiics of tii.'ingulations (one diawii 
dotted to di''.tinguish it fiom the othe»), the stress on AB is 
'Im co^cc d, because 2/e is the weight between AB and the centre, on 
the s(*nes of tiiangles (dotted), of which AB is a jiait. If the girder- 
had been .is in Fkj. lib, with exactly the same loading, etc., the 
stiess on All would now be 1//- coscc Oy bcc.iuse theio is now one 
series ot tii.uiglc^, and 1h(‘ wmght between 'AB and the ccntie on 
that scries of (lufigles is 1// In Fuj, IIG the stiess on AB is, there- 
fore, twice that ii /V/ 115 



Fig. 115. 



But, comparing the «tres& on CB in both cases, we see that it is 
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much more nearly equal, in the first case it is lOw cot 0^ and in 
the second case it is Dw cot 0, In Fig, 116 the bars GD, DE 
superfluous. ♦ 

If the same girder were designed as shown in Fig. 117 (which is 
not a good form owing to the increased length of the compression 
bars FA, AD, etc.), the verticals AC, FG simpl}^ transmit to the 
points A and F the weights suspended from them, aTid do not form 
a part of the path by which the weights are transmitted to the 
abutments. Here the stress on AB would he again iw coscc and 
the tension on CB will now be 14 m? cot 6. (Sec also Fig. 6, J^hileY.), 



When a double scricS of triangles are used in the N girder, as in N girder with 
Fig. 118 (a common design in large bridges, r.g., the Altock Bridge ortrSaiigleJ!^ 
over the Indus, and the TlulYcrin Bridge oven* tJio Ganges), there is 
generally one bar at each end, as DB, which is at a diit’erent inclina- 
tion from the others. I'he tension in this hai* is cosec 0, since 
there are 5^ times w between it and the centi-e of the bridge on its 



own series of triangles. Similarly, the teirsion on AB is bw cosec 0. 
The compression on the end pillar CB is IO^m;, and the tension on 
the lower boom is blw cot d\ while the compression on EB is 
b\w cot 0' + bw cot 0. 


126 


The tension on AD is equal to the compression on EB, while the 
llpmpression on GE = tension on HE = bijW cot 0' + 9 1 ii? cot 6, The 
summation goes on on both booms in the sameVay, ^hvcotff being 
a constant increment in e«ich case. 

Check by In case of doubt, one can easily verify one's result by making a 

stress diagram g|.p^gg of the forces acting at the point in question. For 

instance, taking the forces acting at B (Fitj, 118), we know that' 
^ = 45” and (nearly), and that BO is=10Jz/;. Drawing the 

forces as in Fh/. 119, with the usual notation, EB is the only 
unknown. It is found from the stress, diagram {Fig. 120), where 

ch - fj -{-J h - i‘d cos 0 + cd cos & ^ 

— 5?/* cosec 0 (cos 0) + 5.3 in cosec O' (cos O') 

---- 5^e cot 0-\- i)\w cot 



Fig. 110. 



Fig. 120. 


J jtjfllridioji itf liid('.s to Cantilevers. ■»' 

Rules for In cantiloveis the rules given a])Ove require to be modified as 

ua..lik vcr«. 

1. Same as given before. 

2. Working along each sci’ies ol triangles, lor each vertical or 
inclined l)ai’ write the veriii^al weight between it, on its own series, 
and the free end of the cantilever. 

3. In horizontal hai’s work from lire free end towards the abut- 
ment, and write on each tlje-»suin . f all the horizontal components of 
all the bar s, meeting the bar in. (juestion at the end furthest from 
the abutment. 

4. All bars sloping upw.ards to the abutments are tics, and down- 
wards to the abutment arc struts*. Vertical bars are struts when 
the adjacent sloping bars are ties, and vice vers/t. The upper hori- 
zontal bars are ties, and the lower horizontals are struts. 





Fig. 121 shows a cantilever with a l6ad = w? on each panel point, 
and stresses written on each bar. 


fjfiivt * fZhirt 





1:^92 wt 


6irt 


4^ wt 


2wt 


Fig. 121. 

Cantilevers are ravely built with horizontal flanges because of the Parallel 
maximum stress in the booms at the abutimnits necessitating extra 
plates. This will be apparent ff we com]>are Fig^. 123 and 125. cantilovere. 
Fig. 122^ rejircsents a cantilever with parallel ll;nigt‘s of 7 panels, 
each jyancl load 2 tons and a wcight.of 4 tons at the (muI. Fig. 124 
re]>resents a cantilevc» with the >>a)nr number ofgj);uiels, tlio samF * 
total length of arm, and the same lotuh, but with the (lej>th increasing 
from the extremity to the abutment. To a casual observer it might 
appear as' though Fig. 1,22 were, a more cconornicMl construction than 
Fig. 124. But when we examine Fig><. 123 and 125, which 



represent the respective stress diagrams drawui to the same scale, 
and with the letters corresponding in each, wo see that, whereas the 
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maximum stress on any member such as AV is, in Fig, 122, 77 tons, 
in Fig, 124 it is only 19 tons, while the stresses on all the other 
members are correspondingly less. 




This is the reason why, in bridges built on the cantilever principle, 
such as the Forth Bridge, the Lansdowne Bridge over the Indus at 
Sukkur, etc., the^ cantilevers ai’c not built with parallel Hanges. 

The princijde is, in fact, based on the same grounds as the 
modiheations fo^* roof trusses, mentioned in Part L, p. 283. 

Fi.ml and Continuous Braced Girders, 


Fivod and 
con turnons 
ffirdcis. 


The investigation of fixed and continuous beams, built as liraced 
girders with parallel flanges, follow from j^lie consideration of the 
Moments of Fhixure and shearing stresses in these beams. 

The sheaiang stresses are the same in fixed beams as in beams 
under similar conditions of load, but supported only. Hence the 
stresses on the web bars, whether inclined or vertical, of a braced 
girder with parallel flanges are the same under similar conditions of 
load and span, whether the beam be fixed or supported. The 
stresses in the booms will lie a minimum at the points ^of contra- 
flexure, and, working from those points to the centre and to the 
abutments I'cspectivcly, they may be written down as in the case of 
supported beams and cantilevers. 

Take for instance the fixed girder AB with 10 panels, shown in 
Fig. 126, with a load of w at each panel point. We first find the 
points of contra- flexure C and 1). These we know to tie distant 
from A and B nearly* 1 of the span (see Table L, p. 4). We there- 


* Between 0*211 and 0 ‘25. 
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fore write down the stresses on the girder between C and D as ii 
supported at those points, and on the cantilevers AC, BD as being 
loaded with half the weight on CD at their extremities, as well as 
the load w at each panel point. 



The loads arc written for each member, for half the girder, on 
Fi(j, 126.. Fiij. 127 shows two cantilevers AC and 111) Avith a central 
girder CD. The stresses in the meihbers are the same in the one . 
case as in the other, *the two structures being <le*kigned on similar » 
principles. 



Fi(j. 127. 


A similar ])rocC(lur(j would be carried out in the cast* nf continuous 
beams. Or the Mf tliagi-ams and shearing sti't^ss tliagrams might bo 
drawn for the whole continuous ,5;irdcr (as in Flute II ), and on those 
loads mig*ht he sui)(n’-posed the diagrams for the Mf)ment of 
Kesislancc of the plates,’ which it is proposed to use, in exactly the . 
same Avay as pointed out iii the previous chajtter for plate girdciis. 

With beams subject to movjng loads, i-Iie shifting of the points of Shifting" of 
coiitra-Hcxurc is such a serious ])ractical di’a whack that it is 
comparatiwely rai’O that braced girders A\ith parallel flanges arc 
designed on the continuous principle. This disadvantage is not 
quite so great practically as theory might lead one to suppose, 
because the practical limits of thickness of plates, etc., demand some 
minimum sizes of boom at the points of contra-flexure^and these 
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Case whore 
continuous 
beams may 
be used. 


minimum sizes may be sufficient to cover the variations in the 
,position of tTie points of contra-flexure. M. Pascal, in his very useful 
TfaiU pratique des Fonts MetalliqueSy gives various examples of both 
road and railway bridges, built on the lattice girder principle con- 
tinuous over several spans, where the metal is arranged so as to 
include by its Moment of Resistance the varying Moments of Flexure 
produced by loads at various positions. But it may be doubted 
whether much real economy is eftbeted by the use of continuous 
girders in bridges of spans below 150'. 

Sometimes, where the span is necessarily great and not subject to 
rolling loads, r.y., the roof purlins of a railway station, braced girders 
on the continuous principle, built up with parallel flanges, can be 
most economically employed. 


Unsijminetriad Lands and Bolling Loads. 

Rolling loadF. If wc take the Warren girdei^ shown on Fig. 1, Plate VIL, loaded 
' with a uniform load w at each lower apex, we have the stress 
diagram shown on Fig. 2, If we consider the effect of a single load 
W at any one of these apices {Fig. 3 andi^Vy. 5), we see that the 
magnitude of the sti'esses in all the members will vary with the 
position of the load, and also the nature of the stresses in some of 
the members will vary. If the load be in the centre, the stress 
diagram will be as sliown in Fig. -1, all the bars sloping upwards 
towards the centre ])ciiig in compression, ^and those sloping down- 
wards towards the centre being in tension, as in the case of a uniform 
load. But when the load has moved to the apex nearest to the 
abutment on the right {Fig. 3), the stress diagram is as shown in 
Fig. 5. In this case we must first find the reactions at each support 
. according to the onlinaiy rules on the subject, and having found 
those reactions, the drawing of the rest of the stress diagram {Fig. 5), 
is easy. We see that if a vertiod line he drawn through'Fie weighty 
all bars slojnng upwards towards this vertical line are in compression^ and 
vic^ versd.” The bars km^ no, which '*Ti^e formerly in tension, are now 
in compression, while the bars mn, og, formerly in compression, are 
now in tension. If, now, Fig. 2 represents to the same scale the 
esses for the dead load on the girder, it appears that thhre will be 
some bars towards tlie centre of the span which may be in tension or 
compression, according to the position and magnitude of the rolling 
load. For example, the bar m/c has a constant amount of tension 
due to the dead load {Fig. 2), and it has, under certain circumstances 
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of the rolling load, a definite amount of compre^ion. If, then, the 
latter is greater than the former, it is clear that the must be 
designed to bear either class of stress. 

This is the simplest case of what is called counter-stress. Where Oounter-strefeS 
the dead load on a structure is great in c^omparison with the moving 
load, the numbers of*bars whicii may bo called upon to bear either 
class of stress will be small, and vice ver<n* It wilf bo clear that 
where rolling loads are anticipated on a structure there will be in 
the central bars a reversal of stress, which will necessitate a high 
factor of safety, on account of the fatigue ot the metal produced. 

To find the limits of the counter-bracing required in any given Limits of 
case, perhaps the simplest plan is to draw a shearing stress diagram, 
since the shearing stresses are borne by the web bars. In the case Single i 
considered above, where there is a single rolling load W and a 
uniform load wl^ due to the weight of the girder and superstructure, 
all that we have to do is to draw AB to any scale representing the 
length of the girder, AC on any scale of weight = J 
AE = BF = W on the s*ame scale. Join CD {Fifj. 6)* EB, AR Draw 
CC' and DD* = AE and BE, and join GT) and CD' cutting AB at G 
and H. The points G and H will indicate the limits within which 
counter-bracing is required, be&iuse within those limits there maybe 
either positive or negative shearing'stress. This reasoning applies 
to all classes of rolling loads. 

Let us examine this matter a little further. loads which 

we usually have to consider in a bridge are uniformly distributed, 
coming from one side or the other until the whole bridge is covered. 

From the principles explained in Chapter 11. Ave can draw the 
shearing stress diagram for such a load, and this diagram must be 
added to the shearing stress diagram for the uniform load produced 
by the actual weijjht of the bridge. • 

For instance, Fig. 128 represents the Shearing stress diagram Distrilnitwl 
for a beani ABof weight W = lol, producing a sheaiing stress diagram 
ACODB. If this beam be subject to a pas.sing load also of weight • 
w per unit of length, the positive shearing .»^lress will be represetited 
by AEH, and the negative shearing stre*s by GBF. Between G and 
H there may be either class of stress. If the load advances from 
left to right the shear at the bead will be negative, if from right to 
left the shear will be positive, hence between the limits, whtere either 
class of stress may occur, there should be counter-bracing. To show 
how the positive and negative shearing stresses affect the inclined bars, 
lot ABCD represent {Fig» 130) a panel in a girder, and let tlie shearing 

K 2 
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stress on the girder at the panel be positive, as shown by the arrows. 
The bar AC is evidently in compression. If the shearing stress were 
negative, the bar AC would either have to be capable of beaiing 
tension, or another bar BD, shown dotted, woulrl have to be 
introduced as counter-braciyg. 

If the rollirjg load weigh 2iv per unit, the stress diagram will be 
as on Fiff, 129, and tlic points G and H are further apart than in 
Fig. 128. « 

jE 




If we join E and F {Fig. 129), we get EAOj 3F, the shearing stress 
diagram for the beam covered all over with the dead load and the 
rolling load. This does not differ much from the diagram of 
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stresses produced by the rolling load jn its passage, and the 
difference, such as it is, is chiefly in the 
centre, where, from the practical limits 
imposed by market . sections of metal, a 
certain size of member must in any ca^e be 
used. The shearing stress diagram repre- 
senting the resistance of the section of mini- 
mum size will be in nearly all cases approxi- 
mate to the theoretical requirements of the 
maxima stresses produced by the rolling load 
in its passage. Hence, in almost all cases, 
we may ascertain the stresses in each mem- 
ber, from the consideration of the whole s|)jin being entirely covered. 
This reduces the calculation to 4he simple rules given in the former 
})art of this chapter. 

Calculation of the Strength of a Gtren Braced Girder with Parallel^ 

Plane/es, • 



Fig. 130. 


It is frequently necessary ,to ascertain the safe strength of an Htrougth of 
existing girder. There is no difliciilty about this, if the main 
principles are borne in mind, viz. : — that the booms furnish the 
Moment of Resistance (usually expressed by the formula rad, where 
intensity of resistance per square unit, a and d representing the 
area of the flange and ^depth of the girder, genenilly expressed in 
inches), and that the braces resist the shearing stresses. If these 
braces are at an angle to the horizontal, the stress they may be 
called uf)on to resist will be the shearing stress at the })Osition they 
occupy in the beam x cosec Avherc 0 is the angle of inclination. 

For instance take the girder shown in Fig. 131 (from Instruction in 
Mil itarg Engineering, Vol, 111., Ida te 19, Figs. 4 and 5), where the* 



span is 40', depth from centre to centre of booms 5' 6" = 66", braces 
4" X 5" at an angle of 45“, verticals say Y diameter (Ae thickness 
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not specified). The tiniber is red fir, the ultimate resistance of 
which is— for compression 5,375, and for tension, 12,000 lbs. per 
sqhare inch. 

' Then the expression rad (allowing a factor of safety of 5)^ 
becomes : — (1). With the tepsion, or lower boom — 

X 30 X 66 - 4,752,000 inch-Ibs. 

(2). With the upper boom— * 

V- X 120 X 66 = 8,514,000 inch-lbs, 

which is far greater than (1). TliC minimum safe available Moment 
of liesistance is therefoic 4,752,000 inch-lbs. 

The maximum sliearin^ stress will be at the supports, and will 
there be resisted by a hi ace or strut^ about 6' 8" long and 5" x 4" in 
section. The ratio of length to least dimension will be 80" to 4" or 
20 to T'. Hence by Ecpiation (4), p. 160, Part I., P=^rt^A, where 
P is the greatest load the strut can bear, is the safe resistance to 
crushing ==^*,^'1—1,07 5 lbs. per square inch, and* A = area = 20 
inches. 

Hence P== 10,750 lbs , and the veifcical or .horizontal component 

of this will be — = 7,620 lbs. 
cosec 45 

The iron bars, which are capable of bearing a safe tensile stress of 
5 tons per &(piare inch, and are 1" diameter, •jan stand 


1" X X 2,240 X 5 = 8,820 lbs. 
4 


This is rather more than 7,620, hence the latter must be taken as 
the available resistance to sheaiing. ^ 

‘ Thus^e gather that the girder ca^p resist a weight producing a Mf 
of 4,752,000 inch-lbs., and can resist a shearing stiess of ^,620 lbs. 
To find the unit weight per foot run, we can write 

‘ 4,752,000 inch-lbs. - 390 000 foot-lbs. = ~ , 

• o 


where = required unit weight per foot run and Z = 40* 


w = = 1^980 lbs. per foot run. 

40 X 40 ^ 


The total load would be 1,980 x 40 =? 79,200 lbs., and the shearing 
stress prod#'ced by such a load uniformly distributed would be 
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38,600 lbs., which, is far more than the 7,620 lbs* that 

are designed for. The strength of the latter, however, would b^ 

* largely increased by fastening them together whore they cross. 

This would double the effective strength, as the ratio of / to A would 
now be reduced. 

The counter-bracing of the Howe truss type of girder here 
throughout presents difficulties. Wher(‘ there ma'y be either class Howe^nias* 
of shearing stress, counter-brsi^ing is necessaiy, as we have seen. 

But where there is no chance of both kinds of shearing stress, the 
problem of how much of the direct stress is borne by the two sots of 
brace.s is a very indeterminate one. *It will depend upon the deflec- 
tion of the structure as a whole, and the relative rigidities of the 

different sets of triangulations. This nmy be worked by tlie*^^ 

formula, explained in Chapter IV., on the assumption that the load 
divides* itself equally between the systems of sets of ti iangulation. 

This assumption must only be true when the workmanship is good,*- 
and where each joint is arranged so that the various members are • 
equally doing their proper share of tlfb work, a condition of things 
which would be rarely attainable in practice. 

It is true that in’ some /orms of bridge thcic may be either 
positive or negative shearing stioss at any ])oint. An instance of 
this is the stiffening girder of a suspension biidgc (see Chapter VII.).. 

In such a case the Howe truss is the best foini to adopt. In 
ordinary cases the Howe truss presents a cei tain nund)er of ledundant 
members. 


Ai)plicatio)i of Simple Bioced hi a Hoad Ihahje,"^ 


biaced girder to a Example of 
” bracjed 


As an example of the ap])lication of a simple ^ 

road bridge, we iiiay take the following : — ^ *girder 

Example 12. — Design a road bridge joi d span oj 5u feA^of the N or 
Jd{hipple*Mnrph}j truss form, the ttmbei to In spnic* and the tie bars of 
round iron. 


Width of roadway 10'; weight to be allowed for SO lbs. pdV foot 
super, load all over, exclusive of the weight of the girders and 
superstructure. 

9 


* This is an example for a small road bridge such as might be* required in 
the hills in India. For a large span wooden bridge on this principle, see 
MintU^ of Proceedings, Instifution of Ginil Engineers, Vol, CXXVIII., where 
there is a description of a bridge of 3 spans each of HO' across the Wiirrum- 
biggec river at Wi^ga-Wagga, N.S.W. The timber used in this case was 
iron bark (see Part L, pp. 49, 52). m 
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Planking. 


HaullcH. 


Take a depth of 5 feet, let the load be on the upper booms, and 
lot the two girders be at 6 feet, central intervals. The form of the 
bridge will be shown as in Fig. 2, Plate VIII., each panel being 
5' wide. 

For spruce = (average) 4,000, --= (average) 10,000. Modulus 

of Rupture (average) 8,000 lbs. per square inch. 

The rmd jdanling rests on cross baulks 5' a])art. We may take 
each plank to ])e at least 15' long apd nailed at the ends, hence it 
may be reckoned as fixed. The weight uniformly distributed is 
80 lbs. ]jcr square foot, the width of each plank may be taken at 
1 2", and clear span = 5' 00"^ r = = 1 ,600. 

Hence 


W/ 

T2 


rbd- . 80 X 5 x 60 

becomes - ' ^ — 

6 12 


16 00 X 12 . 

6 


d = 0-8. 


Make ly', so as to give extra stillness.* 

JJau/ks . — The IVU will occur v/hen the 6' central portion is loaded 
and the outer parts unloaded. Here 


Hence 


W = G X 5 X 80 - 2, 100 lbs , and 1 - 0 feet - 72". 




xW- = 81. 

Make x 5". 

The weight of the superstructure will then be 


10 baulks 15' x x 5" x 30 l])s. 

= 507 

Planking 50' x 10 x 1 {" x 30 * 

-1,562 

Railings 2 x 2 x 50 x 4" x 3" x 30 

o 

o 

Struts 2 X 10 X P X 3" x 3" x 30 

- 150 

Posts 2 X 1 0 X 3' X 3" X 4" x 30 

- 150 

Add weight of girders, spy 

2,000 


4^869 


* This planking would only stan ' a safe central load of 640 lbs., which 
would give a dellectiou of 0*25". If the bridge be required for cart traffic, 
the planking should be thicker or baulks j)laced closer, as shown in dotted 
lines on Fiy. ^ Plate Vlll. 
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say 5,000,* or -S- = 250 lbs. per panel on each girder, which must 
be added to the 5 x 5 x 80 = 2,000 lbs. liVo load on each panel point. 

Booms , — The scantlings of the booms may be made uniform, hence Booms, 
we need only take the required scantling at the place where ithe stress 
is a maximum. This will be at the centre, and will be= \ 2wt in the 
case of the upper boom, and in Vhe case of the lower boom 

{Fig, 2). As t or cot ^ = 1, the stresses arc and respectively. 

For the upper boom 1 2z4;=^l 2 x 2,250 - 27,000 lbs. The length 
of any one panel is 60", and the safe unit stress is = 800. 

Make 8" x 8". This will bring the least dimension less than ^ the 
length (see Formula 2, p. 160, PartT.). These dimensions will be 
sufficient to admit of additional cross baulks, as shown in dottted 
lines, to strengthen the ro«adway. 

For tlic lower boom the greatest stiess is 12?, cwt., where = 2,250 
and ^==1. Then stress = 28,1 25 lbs., and ^ ^ = 2,000. The 
section- may bo =1“^ square inches. Make the tie beam double 

of two [)lanks each 8" x 1". * ^ • 

Tie llo(fs.- Tie bars (verticals) greatest .<^trcss Le.^ 3 5 x 2,250 Tiie rods. 
~ 7,875. A 1" tie rod, with 41 .stre.s.s of 5 tons per scpiare inch, will 
stand 8,800 l])s. Therefore the end rods may be 1". 

The next rod has to stand ^ 2110 , i,e.^ 2*5 x 2,250 — 5,025 lbs. This 
will reejuire a J" tie rod. The remaining bars may be since that 
dimension is the least that is advi.sablc. 

Slrnls . — The inclined braces are all struts about 7' long. The inclinod 
greatest stress on any is il iv cosec ^^4.1 x 2,250 x 1 -414 - 14,320 lbs. 

Taking the least dimension as not less than 4" | — 21, and P= J^cA 

(.see p. 160, Part I.), i.e., 14,320 = 100 x A. A - 35'8. Make 6" x 6". 

The next struts have a stress 3^ x 2,250 x 1*114 = 11,180. Make 
5" X 6". * ^ • 

The next struts have 2i x 2,250 x 1*1 11 = 8,000 nearly. Make 
5" X 4". * 

The two central panels may be made tiie same. The stress on 
the greater being 11 x 2,250 x 1*411= 1,772. IMakc 4" x 4".* This 
is more thai^ is theoretically ncccssai^, hnt it would be practically 
inadvisable to reduce them beyond this. 

It only remains to determine how far the counterbraciug should 
be added. ’ 

* A wheel guard shown in drawing might bo added. The central rail is 
1^" X 3". The total weight of superstructure would be just ab^^t 5,000 lbs. 
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Wind 

preibbure. 


- Tb^ dead load cotisists of^ the superstructure as found above (less 
approximate weight of girders there taken into calculation) + actual 
weight of girders The latter amounts to for each girder 


Compression boom 40 x 8" x 8" x 30 

= 533 

Tension „ 40x8"x2"x30 

= 133 

2 braces at' 7' X 6" X 6" X 30 

= 105 

2 „ „ 7'x6"x5 x30 

= 87 

2 „ „7'x5"x4"x30 

= 58 

4 „ „ 7'x4'x 1" x30 

= 93 

1" tie bars 2 X 6' X 2 62 lbs 

= 31 4 

5" „ „ 2 X 6' X 2*011 

= 25*3 

Y „ „ 7 X 6' X 1 47 

= 61*8 

For each girder 

1,127*5 

To which we may add for wind bracing and 


counter-bracing , 

300 

1,427*5 


The superstruotme wei^^hs 1,434 lbs. on each girder, Hence total 
dead load ^ 1,427 + 1,4.U - 2,861, say 3,000 lbs*. 

The total live load at 80 lbs. per foot on each girder is 

40x5x80=16,000 lbs. 

We may draAv the sheaiiiig stress diagram for the dead load, and 
superpose on it that for the li\e load as in Fig. 1 ; wo see that the 
four central panels require countci -bracing. 

For safety against nind, lateral bracing must be given and vertical 
bracing between uprights. Very light scantling would do for this, 
say 4" X 4". ^ 

The wind pressure for* the giideis alone, taken as horizontal, 
would amount to 

Bpoms* 2 X 2 X 40 X 8" X 30 lbs ... ... = 3,200 lbs. 

Braces (taken at G" each)t2 x 14 x 7 x 6" x 30 = 2,940 ,, 

6,140 lbs. 

acting with ‘a leverage of 2i feet. 

j 

♦ One 'Surface only of the lower boom is here taken, as the two halves are 
close together, fv , ^ 



Hence, thfi gii^^ tje. 

6, 1 40 X 'S'S =ri^,3i0 Wt-lbs. Y * > ,4 Or t ^ 

The moment resisting oveirurning will be tb^ weight of batb^ 
girders X 3*3", i.e.^ 6,000 x 3J = ^ 9,500 lbs., which is more thsJi the 
overturning moment. The calcfjliition, however, has not taken into 
consideration; the wind pressure uijdeAnea^h the roadway, and on 
the lateral braces, hence to prevent the bridge being wrecked in a ^ 
gale, it should be secured by ijron cramps or ))olts at the ends, built 
into the ma§onry. 

The details are shown on VIII. 


Majcn' Bates PtatahU Bntftje'i. 

The principle of building up a composito»girder with comparatively Major BatSe’s 
small component parts has lySen applied by Major C. McG. Bate, 

It.E., in the portable .steel bridges which be has introrluccd for rail- 
way and other engineering work in. the field. 

The component parts uscil arc shown on V^lafe IX. They Compement 
consist of 3 jnincipal bars, viz. : ^ 

A, a bulb angle 15' 0" long’. 9" x 3i," in section. 

B, a bulb angle of similar section but 10' 0'' long. 

C, a hat bar, 5' 9" total length, but 5' 0" between centres of pin 
holes. Section 6J" x J", but the net .section 1|" x J;". Gross area 
of section 4*06 square inches, but net area=-2‘()r) s(jnaie inches. 


‘>1 ' 


1 j and with 


Other parts are thcjoe sizes of bolts 
corresponding washers and nuts 

The bulb angle is unusual in stnictural design. In most per- Advant 
mancTit works a channel iron would be used irjste.id, but the bulb 
angle has the ndvantage of occupying less room when })acked in the 
bold of a vessel ^»or transport. 

It is in itself weaker than a channel jron as a strut, but when 
used in ptiirs with distance pieces this disadvant.jgc disappears. 

* The cro.ss section of the 9'x3y bulb angle has an area of 
8‘1 square inches, and vertical Moment oi Ineitia of 80. ^ The 
transverse or horizontal Moment ot Inertia is only 5*5, hence the 

least radius of gyration (or }>• 193, Part I.), would have a 

value of only 0*825" if the bulb angle were used alone. In pairs, 


* These have been taken from Messrs. Ik>rman, Long & Co.’s l>ook of market 
sections, and may possibly be a little different from those used hy Major Bate 
in his calculations. > 
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Mr of |>air of 
})ulb angles. 


with a bolt or distance piece between, ayshown on Fig, 132, the value 

of the radius'of gyration will be =3'16". 

The value of the Moment of Kesis/cance of two bulb angles thus 
placed ,^ith distance pieces, is found 



4 ^ ' r\ 

irom the ex])rcssion 2 x - , ^^here r = the 

safe intensity of stress per square inch 
for steel (say 6 tons for ra|)idly moving 
loads), I = 80, and y = 4". Hence 

2 X 6 X 80 0 4 0- \ 4- 

M,. = - = 240 inch-tons. 

4 


On a span of 14' in the clear, or* 15' centre to centre between 
bearings, this would give a total distributed load W, lound from 
equating Mf with : — 


W/ 

8 ' 


- 240, or 


w X 1 5 X 1 2 

- 


240, 


A})))Ii( to 
.ypan of 50' 
fi*ot. 

Booms. 


whence 10*66 tons on each rail, or 21*3 tons on a pair of rails. 

If the value of r bo takem at 4J, tons duly, the “maximum distributed 
load will be about 16 tons, which is Major Bate’s estimate. 

In building up these simple lengths into composite girders pin 
fastenings are used, arranged so as to come on the moan fibre of the 
material The struts are formed of two of tne C bars with distance 
pieces, a very good form of strut, theoretically. 

The tension members are formed of one or more C bars placed 
vertically in pairs, with the braces brought between them and 
secured by the pin fastenings on the mean fibre. 

„ The compression booms arc formed of the bulb angles A or B, 
with C bars added at the sides if necessary. 

Joints in the compression booms are covered by C bars, used as 
cover plates. 

Example: 13. — To take an an emmple the 50' span bridge shown on 
Plate IX. Find the safe load^^hat snea a girder can carry. 

The maximum compression is on the upper boom and amounts to 
24A w X cot 6^, from Fig. 133, which shows a skeleton di^’gram of 
half the truss. As 6? = 60”, cot d = *57. 

The actual section consists of 2 A bulb angles with C cover plates. 

The 2 A bulb angles have a total section of 16*2 square inches, 
united together at intervals, so that they may be reckoned as one 
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piece with a least radius of gyration in the direction of the depth, 
the value of that radius being 


/2f _ /2x80 

V 2A“V 2ir8‘-l~^ 


a / 

The lengfh of each panel is 5' or 60", h(*licc ~ ov®ratio of length 
to least radius of gyration = = 1 9. Hence, since the safe in- 

tensity of stress in a steel column with ends fixed, and of value 

19 is 5 29 (see p. 175, Part I.), the greatest safe stress which the two 
bulb angles are capable of bearing is 5*29 x 16-2 - 85*6 tons. 



Hence 85*6 =124-1 w cot 6 - 24*5 x -57 x ?/', Avbence a- -=6’l tons. 
As w is the load on each 5' panel, lh6 w(‘iglit per foot run is 
6*1 

- =1*2 tons, or 01 tons on tlie whole girder. 

5 

In this calculation the sti'ength has been l>ased on Table ^XV^l., 
r*ai“t 1., giving results from Mr. Clavton Pidler’s formula, which 
again, is based on the most unfavourable conditions of eccentricity 
of load, •and inecpiality of material. The ratio of I ; k is so small 
that one might almost consider that the strength of such a cohunn 
would be that of a small cube of the material, ?.r., 7 tons per square 
incli safe intensity. This would admit of 7 x 16*2 = 113*1 tons on 
the whole section of two bulb angles, and thus W, weight on 



]3i 


\ ‘l*i A 

each panel, would be —-r — ^*9*56 tons, or 95 '6 tons would be 
^ 24*5 X ‘67 

the distributed IcJftd on the whole span 

The greatest stress on any diagonal in tension or compiession is 
4^ uo cosec 0 As ^ = 60'*, cosec = 1 1 5 

Each strut or tie i« formed of two C links In tension each link 
ean beai 2 65 \tict area^of cioss section) x 6 (intensity of lesistance 
per sqnaie inch of steel with a factoi of safety of 5) = 15 90 tons 
Hence two such bais cm take 31 § tons Therefoie 15 

s= 31 8, = 6 n, which "ives 61 tons on the whole girder as before 

Each strut hxs m area (gidss aica of the two links) of 8 square 
inches, and is irrangecl wich 1[' distance pieces at 10' intervals 
We may pi ice the links is fir apait as the length of the bolt H 
(4^ ) will allow, by using^Wti^sheis Py using 2|' washeis between 
the links, we obtain a total thickness of 2^ of the stiu^ According 

^ to Table XXVI , p p 176 — 77, Tart I , [ = 30-^, wheie d^the least 

^ * l\j (m 

, dimension of tlu stmt ind I is the length In this case d=^2 6 and 
/ = 60 Hence 

/^10x60 
/ 2 5 


For this value, a strut of mild steel, ends fixed, has a safe stiess 
intensity of 4 63 tons pei squxie inch Hence the stmt can beai 
4 63 X 8 (gloss aiei)= 37 04 tons which i^^mst be =43icco&ec^ 

„ 17 01 ^ T Pj 

Hence < 15> 

4 o X 1 • K) 


giving a shghtl} laigei value tliiri 6 13 above 

• III the centie the links aic somewhit laigei than is theoietically 
nccessaiy. 

JVnifht of Giidub 


AsYegaids the appioximitc iveight of girdeis, Professor TTiiwin’s 
iiile IS as follows — 

\v - 

i 


,^uoie lequired weight of inin giidei, W= total distributed 

load m tons (exclusive of Wj), ;» = stress per squat e inch on boom at 
i^ntre, ? = of span to depth, I = length in feet/ C = a coefficient 



varying with the class of girdet being' 1,500—1,400 ih ptftTte 
and 1,400 — 1,300 in bmc^ girders. ^ 

Fdl* Mr Campings rules, see Molesworth^s Pocket Book,, p. 4919 
(Ed 1893) 

Professor J, B Johnson gues the follo^\lng lules for single^treofe 
railway bridge^ ^ ^ ^ 

Plate girders, to^ 9/ +120, whcie l~ ])an in*^eet, z(;»dead 

• loid ppi foot lun, in lbs 
Lattice ,, 7^+200, ditto ditto 

Howe „ t^ = 6 5Z + 275, ^ ditto ditto 

The abo\c apply to steel lailwi} bnd^ts Foi oidiniry road 
budges they would give too high it suits 
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BoWSTHINd (illiUKUS AND AkCHEI) KtRS. 

Ec'ononiy of Bowsti ing (lirdors. — Uiiiforiii Loads. — Diagonal Bracing necessary 
with Rolling Loads. — Example of Bowstring Bridge Subjecjt to Passing 
Loads. — Ban a Bi idge. Hog-back (itirders. — Arched Ribs. - Bending 
Moments. — Ridation bf‘tw6(;n Ecpiilibriiim Polygon Stresses at any 
Section. — Biaced Iron Arches. — Apj»endi.\. 

The parabolic liowstriiig girder is the most economical form in 
which a composite beam can be designed, because in this form, as 
comjiared with the parallel type, there is a minimum amount of 
stress on the web, and the material in the flanges is disposed to the 
best advantage. 

In a parallel ginler, whethcrof the plate type or braced, we have seen 
that the weh performs a most indispensable function, d'lie Ranges 
being horizontal, the vertical shearing forces can only be transmitted 
to the Ranges by some inclined path, either, as in the cjise of 
the plate girder, through a continuous web, or, as in the case of 
a lattice girdei’, by inclined braces. If we wei’e to omit the inclined 
bars in the lattei* case, not oidy would the sti ucture be im])erfectly 
liraccd, but its strength would bo only that of a single Range con- 
sidered as a beam under transverse stress. The^Ranges could oRer 
no ^horizontal resistance to the vertical stresses unless these are 
transmitted thi'ough the web or inclined bars. H(mco;' under all 
circumstances of load tlie web or inclined bracing is absolutely 
necessary in parallel girders. 

Again, in parallel giider^^, the depth being constant, and the 
arrangement of Range plates being such that r, the stress intensity, is 
also practically constant, Ave see that the area of (he //rr/iycAvill vary 
according‘to the ordinates of a parabolic curve, since Mf-=?Yrr/, and Mf 
has its locus, for a uniform load, on a parabolic curve, the equation 

being Mf ^ (/ - x) (see Part L, p. 73). 
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Nonv if we design a bridge with an elevation on a parabolic curve, Area of fiansu 
we see that the horizontal components of the stress on the curved JltanTin’w 
member, and the stress on the horizontal member, will be a constant, string gird(*rs. 
being = rrt, since the variations in Mf are now met by variations in d. 

Further, wo see that, as the shearing force is measured by the 
inclination of the Mf curve (see i). Part L) at each point, the 
vertical confponent of the stress on the curved nidunbcr will meet 
the vertical shearing stress, leaving no work to be done by the 
inclined braces, so Jong as therS is no passing load. 

Hence in such a Ijridge sahj.rt to a unifonii load the diagonal unnoo(‘.s' 
]>racing may be entirely omitted, as ili Ftfj. 134 (1). uniform Imda. 



In the horizontal meinber of such a JiriiJge the stress is entirely Various fo 
due to the thrust of tlufendsof the curved iinniibcr, and (2), might 
be replaced by the thrust of abutments as in Fiij. 135. This is the 
principle of tJio arch. 



Fig. 135. 


L 
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If the , bridge have the curved member below the horizontal (3), 
the same reasoning applies, except that the stresses are reversed, 
the horizontal member being now in compression, as in Fig, 136. 
Or (4), the horizontal member may be replaced by anchorages at 
either abutment, as in Fig. 137. This is the principle of the 
susjgcimnti hmhje. 



Fig 13 (). 



/V/. l^^T. 


In all thc'^c cases the diagonal bracing htis no function to perform, 
and may be omitted 

l>ut when variations in the load occur, deformation in the curved 
beam will tend to take place, and this must bo met. In the 
bowstij^ig girdei it is met by diagonal bracing, in the arch and in 
the suspension biidge by other devices, which will be investigated 
in due course. 

Meantime it is well to note that with a uniform load, and uniform 
horizontal stiess, the cui\e of a bowstring girder, or an arch, ora 
umf<)nii ioa(l. suspension liridge, must be a parabola In the case of a suspension 
bridge the cables, if flexible, will adjust themselves to that form, 
but the fundamental principles differ in no way in this case from the 
others, and if the construction in the case. of arches, etc., uniformly 
loaded, differs from the parabolic elevation, equilibrium and safety 
can only be obtained at the expense of engineering economy. 

Where the loads, instead of being distributed throughout the 


Ijracint? nocos- 
bary with 
\ariati()n in 
load. 


Curve will 
always be a 
narabolii,- with 
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entire length, are carried (as is frequently the case) on pcfctiel points, 
the same principles hold good, the Mf diagram here beitig a polygon 
inscribed in a parabola (see p. 74, Part L). 

Bmstrmg Tnm Snhjvd to a Moving LoiuL 
Emmjile l4. 

To trace the effect of a uniform iuo\ing lo ul on a parabolic truss Kxamplk H. 

'we may take that showji on I*htt( X., wlnuc tlie span is 60', and Bowstringgir- 
- 1 rni 11 - 1 f 1 der subject to 

divided into 5 panels, llie i oiling weight poj- foot run on each moving load. 

girder may be taken at 4 cwt., /.^'./witli a 10' roadway this would 

he nearly 90 lbs. jier square foot, ThU gives a panel load of 

10' X 4 cwts. - 2 tons, and the total W(n‘ght on each girder when the 

bridge is covered would be 4 ^ 2 - S toiy^ (Tiot 5 x 2, since half a panel 

load will be borne directly at each abutment). 

Drawing the diagonals as shown (1)E, Kl, etc., Fig. 1), we may ^ 

proceed to the investigation of the load Iravcdliiui^from left to right. 

Fig. 2 gives the diagram when the first panel point is loaded, • 

Fig. 3 when the second is loa(Jcd, and so on till ue get Fig. 6, when 

the load covers the bridge. 

Examining these w*o see that all the inclined bars arc in tension, 
the verticals are sometimes in tension, sometimes in compression, 
and that each inclined bar has its maximum value when the brhlge 
to the left of the panel point where the l)ar joins the hori- 
zontal is fully loaded* and when the part to the liglit is un- 
loaded. For instance, DE is a ma.\:inmm in Fig. 2. FG is a 
maximum in Fig. 3. HI is a maximum in F/f/. 1. Further, if wo 
compare the lengths of tlio bars, and tl)(*ir maximum values, the 
latter are directly pro[)ortional to the former. 

If the load were coming tlie other A\ay from right to left, we can* 
see that the bars DE. FG, HI would he iin*omprt*ssion. Hence, ais it 
is desirabre to have all the liars tension memla'is (so as to avoid the 
use of long compression liars), wc insert the dotte<l liars as counter- 
braces. The whole of the members would nou be tension, and ccft'tain 
of them would be redundant, acconling^o the ]iositioii of the load. 

If the load were a sirigle one rolling acros'^, and the structure had 
not been designed with dotted diagonals, then with tlie load at the 
jianel point 2, the bar DE would be in compression. 

The following very expeditious graphic method is given by Mr. Mr. Claxton 
ClaxtonFidler:- 

“At each end of the span AC (as in Fig. 6, X.), set up method. 

l2 
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Barra ]5ri<ltco 


the vertical lines AG and CK each = 4 times the depth of the 
parabola, so that the lines GO and KA would form tangents to the 
parabolic curve at A and C. Now let the heights AG and CK 
represent on a suifable scale of tons the upward reactions of the 
abutments when su])]>orting the entire live load ?(;L, make 

AG = (in thi'? case 5 tons). Then using the same sca^ the length 

of the chord or llange AC will represqpt the maximum stress in that 
member. The lengtli of any diagonal will represent the greatest 
direct stress in that diagonal, and the length of any vertical post 
will rci)rcsent its greatest compressive stress. To find the direct 
stiess in any rnembei- of the ])arabolic or polygonal flanges, such as 
El), it is only necessary to continue the line El) until it intersects 
the verticals AG and CK in the points Jt and S, when the length livS 
will at once measure the direttt stress in the member. This very 
expeditious method will be c<jually applicable to the upright or the 
inverted bowstring, or to a girder of the Saltash type,*-^ and will be 
ecpially correct Avhethor the girder is divided into an odd or an even 
number of ])anels, and wliether the ])onels bo wide oi* narrow, or of 
regular or irregular widths.” For proof see Ap])endix to this 
chapter. 

Ill the above it will be noticed that this grapliic method gives the 
maximum stress on the A'crticals. In most cases, how- 

ever, these are in tension, the amount of which is not given by the 
grapliic method, but it can be easily estimated, as it is usually the 
weight of \ nnc panel of tlie lloor+l live load + i tlie weight of one 
panel of the girder. 

In the example only the stresses due to the moving load have 
been estimated. Those duo to the dead load of the bridge and 
' roadway Avonld have to be considciajd in addition. This will vary 
with the s])an, and can, as a rule, be approximately estimated. 

This will give us all the stresses in the bridge. These arc written 
against each member in Fi(j. G. 

Plaie XL sliows the Barra Bridge on the Lahore and Peshawar 
Road (the late Major-Geriei<i1 8ir dames Browne, R.E., Executive 
Engineer) ; a good example of the bowstring principle adapted to 
timber and iron, A full description of this is given in Vol. IL of 



Wliere tliere 
le Saltttsh ’’r 


are two parabolic ribs, one arched and the other inverted, as- 
idge at Plymouth, the Mainz Bridge over the Rhine, etc. 
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the BoorJcee Treatise on Civil Emjincering^'*^ but the following points 
may be noted here. The tic beam (10'' x 16") is under combined 
tensile and transverse stress. Lateral bracing is given at 
intervals by ‘rectangular frames. The curvature was given to the 
planks of the arched ribs by first immersing them for 8 to 10 days 
in water, then they were taken out, placo»l on edge before a bright 
chip fire, ^nd oiled on both sides untii well lu^fted throughout. 
They were then bent to the re<[uired curve by means of a rack-stick 
and rope looped over their etuis. 

The scarf joints in the tic beam slifiwed a tendency to split at the 
atigles. A fish joint with straps and holts might have becui better. 

The bridge was tested by a dead load of 200 lbs. per square foot 
of roadway. 


Before leaving the subject of bowstring bndg(\s .it*may be well to 
point out that the reason why it is» not ])ossible t#> apply the Mf and 
shearing stress diagrams, and arrange the material accordingly, as in 
other cases, is because the sliearing stresses with moving loads are 
partly l)orne by the curved bow and partly by the diagonals. There 
is no difficulty whate^^cr in {ascertaining the stresses in the bow and 
the string, the only difficulty lies in the dingonals, and in their 
case the exact determination of the actual stre^ss in jiny given case 
would largely depend on the initijd tcTisioji of the biirs meeting at 
any one ])anel point, • 

In the B{iiTa Bridge the diagoiuils are designed for compression, 
and the verticals for tension only. The calcnlation would l^e similar 
to that which we luivc previously considered, except tluit for any 
given rolling lo{id, instead of considering ordy {ill b;irs sloping down- 
wards towards the load, as in 1 to r», Plate X., rogai-ding tl 

others as redundant, we wonld^ consider those .as sloping upwards to 
ii vertical line through the weight. In Fir/. 1, JHaie X., for 
instance, the bars shown in dotted limis would be calculated for ii 
weight rolling from left to right, until sucli weight arrived at the 
panel point 3. • ^ ^ 

In practice, it would be necessary to tighten up the verticals, to be 
careful about the exact fitting an<l bearing of the struts, “TtTul pro- 
vision should be made for taking up the shrinkage of the timber by 

such means as wedges at the joints. 

♦ 

* From which Plate XI. has been copied, by permission of the Secretary of 
♦State for India. # 



Advantages 
Und diHadvan 
ta^ew of bow- 
string bridges 


Ilog-batk 

girders. 


Arcliedlieams. 


Value of 
thrust in aich. 


To sum up, itipaay be^said that '#hile the theoretical advantage© 
of bowstring bridges are very great, owing to the very slight 
variation in the stresses, there arc certain practical disadvantages 
arising from the necessity of more careful workmanship and fittfhg at 
the joints, and from the difficulty of lateral bracing, which have 
made the adoption of this form of bridge less frequent than it might 
otherwise have been in railway construction. For road 'bridges of 
timber the aliovc disadvantages do iiqt, relatively, produce so much 
effect as in iron or .steel, and the type is, therefore, one which can be 
economically appli(‘d to limber work. The depth is usually in railway 
bridges about \ of the span, but in very wide spans greater depth 
would be economical. 

Intermediate between ^thc parabolic and the parallel girders 
there arc various designs in which one flange is more or less 
curved (F///. d38). These arc common in railway construction^ and 
the investigation of tlic stresses is carried out by methods already 



described. These gir<lers, usually called “ liog-Hbackcd,’’ have a 
greater flange stress at the ends, bufe less stress in the bracing, than 
parallel girders of the same depth. When compared with parabolic 
girders of the same depth in the centre, the flange stress is less at 
the opds, but the stress in the bracing greater. 

% 

Arched Beams. 

The thrust of the bow in the foregoing investigation might be met 
by the resistance of abutments, as has already been pointed out. 
This principle results in the coftstrudtiim of the arch. 

As long as the load is uniformly apj^ied along a horizontal line, 
whether abovft or below the parabolic arch, the horizontal component 
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H of the thrust At all parts is uniform, and is l^qual to ^ , where 

w is the weight per unit of length, I is the spjjin, and d the risA. 

The actual thrust at any point will be H sec where 6 is the 
ar)glc of inclination to the horizontal of the tangent to the curve at 
the point in question. » * 

The actual design of the curved metal ril^ would ttten be according 
to the principles for struts.. .Usually tlio material is arranged iu 
flanges, as in the case of a beam under tiansvcrse stress, not only 
because this is a good form of cross section f(n* a pillar, but because 
there are bendinffljnoments, as we shall sec, to bo losisti'd. 

Where the umiorm load is very "lOiit in comparison with any 
passing loads, e.g., in the case of a highw.^} bridge such as that over 
the Medway^ at Rochester, iff unnccc‘ksai \ to consider the elFcct of 
transverse stress, but where the passing load is considos*ible, special 
arrangement must be made to prevent dcloi matio.*^ and to meet the 
unsv mmetrical stresses brought into action. 

When the weight over the arch is unifoiiu wo luuo seen that H, llonzontftl 

7j - 1^1 reaction at 

the horizontal componept, of stress in the lil) - By a abutmentH. 

^ Sft Hfl 

similar process of reasoning, if there })e a weight W in the centre 


Wl 

producing a Mg- of — , the value of II due to that weight will be 


W/ 
4d * 


Similarly, no master how tlic arcli is lodded, wc can find from 


the value of the Mg the \alue of tlie hoiizontal reaction at the abut- 
ments. 

There is, however, this assumption in tlie above, that the arch at Assumjitiun 
the abutments i^ not fixed, butfiee to tuin so that the resulting 
thrusts will pass through the j^xis of the arch. This is not always 
done in practice, though if the arch is not coiisti acted with hinged 
or rounded bearitigs the question becomes extremely complicated. 

Still further complications will be produced if, as is almost invari- 
ably the case, the elasticity of the material varies throughput the 
rib. % 

Hence elaborate mathematical invcstigatioir applied to a fixed arch, 
hinged neither at the springing nor the crown, can only bo approxi- 
mately true. The full investigation of this subject involves the 
consideration of the deflection of curved beams, which also depends 
on uniformity of elasticity. For present purposes we may consider 
the elasticity uniform. ♦ 
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Fniii( ular 
jKjly^'oii, Cul- 
innnri’s priri- 
fjplf. 


Relation between the J^unicnlar Polygon and the Stresses at any Section of 

an Arch, 

If the Mf curve produccfl by any loading on the span of the given 
arch corresponds with the curve of the arch, there will be no stress 
in the arch other than direct compression, just as in a flexible cord, 
capable of adjusting itsetf to various loads, there is no stress other 
than direct tension. If the arched ril) were, like a cord, “capable of 
adjusting itself to various loa<ls, thofc would be no cross bending 
produced, but if, as is usually the case, it is incapable of doing so 
(within certain limits), there wjll be bending induced in the rib, as 
w’Cill as direct coiiipnjssion, iu even/ rase v'lierr Hu Mf rurrr does not 
roinridr with Ihcnarr of the (jiven arch. To find the amount of this 
bending stress we may pr(^ceed as follows 

On pp. 70, 71, Part 1, is given Culnninn’s method of finding the 
Mf at any point of a loaded beam in terms of the vertical intercepted 
at the position oKthe point in (|uestion in the funicular polygon, and 
the polar distance. . • 

Let t/’p {Fig, 1‘19), be a series of loads acting on a 

straight lino supported by a ])ara])olic arched rib. Let Fig, 14-0 
represent the prilar diagram where tjie ])olav distance 0/ is taken, 



on the scale of loads, reiiresenting the horizontal com])onent of 

stress = — 11. (As Ave can take the polar point anywhere, we 

d 

may give the iiolar distance any definite value). Draw the funicular 
polygon starting from the ^)5int A (simil rly to that described on 
pp. 7Q, 71 j Pjirt 1.). If the polygon corresponds with the form of 
the rib there is no bending stress anj^where, for, from Culmaiin’s 
principle, at any point C, Mf=CD x 11. 

But if the polygon does not corres])ond witli the rib, but if it is 
CD', then the moment excited in the arched rib Avill manifestly be 
the dilferenc^f between the Moment of Flexure produced by the 
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external force aii<l the Moment of Resistance supplied by the form 
of the structure, Le . — 

• - CD' X H - CD X H = II (CD' - CD). 

In other words, the bending moment at any point of an arched rib is 
proportional tp the difference between tlie ovdinates of the rib and of 
the funicular polygon for tlie loads on the arch. 



2 

% 

'T. 

.r 


^^7 




ty 

iC 


^Y 

// 


FUf. 141 represents an enlarged portion of any puit of the I’ib iji 
Fi(j. 1.39. T represents tlio direct compressive stress in the rib, R 
the stress in the funicular })olygon, he the direction of tlie side of the 
I)olygon. ' 


b ^ 



In addition* to the direct thrust T (Fif/. 141), and bending Stn^sscs on 
2 noment Mf, there is a shearing stress S on the arch. If « is the 
* Fj-oin Prof. Johnson’s Modern Framed Slructurts. 
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angle between the side of the funicular polygon and the tangent 
to the neutral layer {Fig. 141) and R the stress in the funicular 


polygon at that ppint — 

Rcosa = T {a), ' 

• ^ RsiiiK — »S (i), 

and we have seen that • 

n 


Thus the tlirii.st, shear and iiionicnt are readily found if the* 
funicular polygon is drawn, and the design of the section can be 
made accordingly, the rib bcfng either a%braced beam, or built up 
with flariges. 

Ardi To find the funicular polygon, however, wc must know the' 

magnitude of il and the Vlirection of tbc abutment reactions. Hcnce- 
it is desirable to bavo tlie arch binged both at the s})riiJging and at 
the qrov n] botlc because we ensure by this method that the directions 
of the reactions shall be ascerUiiiable, as they will pass through the 
w .hinged crown, the ahutment liinges, find some point on the line of 
the load at any given point, and also because by this means wc 
provide foi* expansion and contraction under changes of temperature. 
In such a case' the drawing of thd eriuilibrium polygon for any 
load such as P {Fig. 142) is simph*, for the arch being free to turib 





Fig. M2. 

at A, 15 and C, the moments there must be equal to 0, and the 
thrust produced by Pjit b'niust be ransmitted through C. The 
right half of the arch 13C is acted on by two forces only (neglecting 
the weight of the half-arch itself), viz., the pressure of the left half 
^ C, and the abutment reaction at B. As these hold the half arch 
in equilibriiim they must ])e equal and opposite to each other. Hence 
if we join BG and produce it to meet the vertical through P at K 
and join AR^ we have the polygon. 
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The stresses for any part of the lib can then bo found by thof* 
principles pointed out above. Analytically the strossea may be 
found by the ordinary methods of moments as follo^Js : — In Fig^ 14;^ 
lot ACB be the rib, then if Vj and V,, be the vertical components of 
the reactions, c = half span, d = risc, a)ul />^ distance of load P from 
centre C measured positive!}" towards th^ rigiit - 


• •• 




11 

(r - /') 

'Jr 

(«)• 

and 

y>- 

r 

(ri-/,l 

2r 

03)- 

Taking moments about C 

wc 

have for loails on 

X 

X 

P 

H = 

\V, 

d 

I’x''" 

■Id 

(y). 

• * 

Similarly for loads on AC 




■0 

0 
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, (<■ i*f') 

'2(1 

(0- 


The components of tlic rcacti(?ns can thus ho c(>Tnpnt(‘d for each 
load and the results added. CJ iMphicMlI}" tlui com poiu'iils may he 
bniiid by making (/'V//. 1 12) KL - V on any scale, and diMwing TiM 
parallel to KN, and NIj parallel to KM. Dj*a\v xMIv at ri.uht angles 
to KL, then MR — H and KR, RL--tli(' veitical coTiipononts at 
13 and A. The reactions Kdng known, the stresses can l>e found by 
the ordinary method of moments. 


O 



The rib \fill therefore be under combined stress except at tfiose- 
places where the Mf=0, i.e.^ where the funicular polygon cuts the 
neutral axis of the parabolic rib. As these points where the Mf=0 
will vary for various positions of the load, it will be necessary ta 
consider the whole rib as, more or l^ss, under combined ftress. 
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i )thiT cluSM-H 
v»f j»rcln‘(l nl^M. 


Under certain circumstances of* load the rih will he under negative 
bending stress, i.c., there will be tension in the lower and compression 
in the upper fibres at a given section. Under otliQr circumstances 
of load the same section will be under pOr»itive bending stress. 

'I’luH is tin- I'tTjcral of .'is< tin* in ,i .n’chctl 

ril^ 'riiis IS fin* Ko.-jt torm o^ fin-l.il nrcli loi < i-,cs wiioK* I lit* lJio\ loA<l 
(•oniin '4 on tlnVinli is -nfiMH >nipai i-tl to tin: lU-ail lomi. Wiirn* ti 'pan i'< 
•■oinpat fit iv<-l\ fiiiill, an«l tla- lin* load ImmI'* <i lii) l,'*' jnopoiliori toiii** di‘a<l 
loiid, tlio II )in):;('rl .m ii j , nnii'^n.d arc t wo ollnT t nf an n wliiidi 

.ir«* (‘it Ik I ( 1 ) wit Ik. I lf liin_'i .ilto-^Kt liot . or CJi uitli liinKC'f^ aL the 

aliMlmrnl>i. into tin- tnl! mir-J rj it ion of tliK'.c it i*. not |^l•‘^d(d Iku* to 
(‘fiti.T, Im'c.iii iIk' • idijf t l•^ not onl\ roinpli-v (a^ ponjr*Ml on: aboir) Uni 
UccaiiM' It. IS fit. Im‘-x| .ipp) o \ iin:it«‘. Jf may Uc ^ntlicnnit to point onl th.it in 
{ I ) t Ik* H .let ions do not p,i - tlnoiiirli f Ik* •‘^pi irr. 'f -/ of t Ik- .irdi, .ind .if tliom* 
pointsflK-M* will <j;(iK'i all M Ik* •'OIik- Uinid^ii^ inoiiK*ni. tn fin: i asi* of (‘J) lln- 
I rail ions p.i'^s 1 In oii^di 1 Ik- altnl nn*nt s, and tin* loi ii<. of tin* pant K (tin* iiiter- 
.'t*i t ion oi / lid dn M 1 ion o) i « .i< i k.ii toi an\ load al any point ) )'> found fi oin tin* 
i-ijll.ltioii \j 


/(, r, and (/ li.iN me t Ik- -.nnc v.ilm-^ .i> liffoii* ( /V»/. I H', and >/„ Ucin^ tin* dist.nn-c 
ol K ti oiii A li . * 

A f I Ik* rent m * * 


At I Ik* riid'. 


t). 


f' '.y.. 


'I'Ik* i HI \ I- pi odlK ‘1 d n '^l low 11 oil /’’('/ I 14. 

'I’idvinL' iiionK-nl s alionf t and then aUont A, 


N 1 



and 


fl:\, 


/.:i. 


lli'iK (■ tin* < oinponcnts ot t In* i i*a* t lon^ dm* to .in\ load . mm In* roniputiid, .ind 
I In- tuMK-nlai polM;i»n diawn.ind < .»mpan*d w itii tlicait.i.d toiinof tin* Jiio- 
posfd id) 

f'l^lit* N.ilni* ‘»t Hk* moment, meiilioiird aUoM*, \ i/ . -II ((’!)' -CD) i-' a 
yOrf^ctlv m-iK’ial one, .iikI ;p>j»lies i*ijC ‘lly to aiilu*'. wliieli aie limited, .uid 
those wliieli .lie not l.ini^ed. 'I'h(‘ ditln'iiltN i>» t'* find the valin* of H 

..VlihoiiLcIi tills i'‘’ i'.inv enonu;li in the (*asc ot iinitorm load", it i*- not .so simple m 
. ' as(' of pa"siinj: Io.kIs : it must in Mieh ci^es U* eon^ideied Uir \.UK>ns 

lonV ot siieli a load, anil the rtlot ts prodiu-ed under .sue h \.iijed eiieimi- 
stanees emisidered for variou.s parts of tlw nb. Without diawinij polygons for 


* 'I'lie pioof of tins Is given in iVift'snor dohii"on’" /Vnied Sinirfun !(. It is 

s))nu*w liat lei v^tliv, ami is omitttsi lioiv for that ixmsou. 
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For live load iri distributed over tlitf half epan I, ' 

4a 

There is no stress in the diagonal l>raeing for either of these cases. 

® Braced Iron Archer. 

Braced iron Bmced iron jirchcs are tlio.so in which the arch rib ilnd horizontal 

.*archas. connected together with f diagonal bracing. In order to 

determine the sti'e^scs on such an arch it is assumed to be pivotted 
at its crown and s])iingir)gs, so that each half arch with its bracings 
forms an indcj)endent frame or girder. Arches of this kind are 
frequently made without these pivots or hing"'^, but with small 
abutting surfaces in.stoad ; the smallness of these surfaces as com- 
pared with the other dimensions of 'Ibbe arch practically constitutes 
the archei kiii^ed 

In the braced arch in Fa/. 146, with a weight W in the centre, the 
directions of leaciions jjass along the doUed lines AB and BO. 
Draw Vih on any scale representing W, and hb^ and parallel to 
the reactioii liiuN. This completes the parallelogram of forces for 
the ap(‘x and giNcs us the magnitude of th tv reactions. The vertical 
and hoi'izontal c()in])ononts of the reactions can at once bo obtained 
by drawing a horizontal line /q, b . 



If' the weight were not at. the centre, but at some point such as Q, 
^ the reaction at the right abutment must pass through the hinge at B, 
J50 if we join BC and produce it to the vertical through Q at the 

* Anglin, Design of Structures^ 
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point C, we get the right abutment reaction, and joining cA we have 
the left abutment reaction. Drawing the parallelogram of forces as 
before we find the magnitude of these reactions, and the values of 
the vertical and horizontal components. The fatter, it will be 
observed, are equal. 

Having found the reactions (due to all woaghts on the arch), it is 
•easy to draw a stress diagram for the b^raced ;i!'ch b^ the ordinary 
system, or to ascertain the stress in any mcnibor by the method of 
sections. • 


APPENDIX. 

Proof that Mr. Ci.axtox Fidl.er’s Gkafhic Minnoo or Kja'iiESENTiNo 

THE StKEvSSES in APoWSTKINCi GlUDEK, Si r,.IJ( T TO \ LJniFOI AI RoEIHNtf 

Load, ih c’okrkct. ^ • 

The point to bo proved is, that if tho verticals fioin the* ends of the girder, 
A(;i, CK, represent the reactions \irf (where ^r^tho loacl^ per*iiiiit and 
^ = length in tho same iiiiita), then RS represents on the same se.ile the com- 
Ijressive stress on Kl>, and t?lo length of any bar sueh as FI> represents on tlio 
same scale tho greatest compressive stress that will come on tliat b.ir in tho 
passage of the load in either direction (see Fhj. (>, Pl(tf( \.). 

It is evident, from tho principle of the triangle of forces, that if AG, CK 
represent the end reaction^ then CG and AK must i*epresent the thrusts of 
the ends of the curved rib. AC must rcpicsont, similarly, the horizontal 
tension in the string. AC must also represent the hori/ojital (*om]K)nent H of 
the flange stress, since that is at all points iMpial and opposite to the tension in 
the string. Henco AC also represents the thrust in the iib at tin* highest part. 

Tlie vertical lines AG, CK therefore arc tho loci of the ends of the lines 
indicating tho rib stresses. Hence the stiess at any iiitei mediate point 
ean be found by drawdng a tangent at thRt j)oint, and mcasuiiiig the length 
intercepted between the two verticals. 

*So far the truth of the proposition i.s evident, but it is not .so clear why the 
length of each diagonal bar rejircsents the inavinium conipi ts-,ive stre.ss on 
it. It is, however, clear that if we can piove that liic lioii/ontal comiionent 
of the stress in such a bar is equal trT the hon/.ontal ti'n.siou iii the .string, 
divided by the nuiiiherof iianols, tlien the actual stress in the bar will be repre- 
sented by the length of the bar itself, .since that huigl h panel length x sec 
0 being the inclination of the bar to the Jiorizontab 

The proof of this is based upon tw'o Iheoicms, whicli have been previously 
shown to be true : — 

1. The horizontal stress produced in the Jlanjc or hu(>i)t of any girder by any 

load — the Mf-r depth of the girder. • 

2. The horizontal component of the stres.s in any panel of the bracing 
in any girder is = the diflerence between the horizontal flange stresses in the 
two sections of the flanges eft* booms joined by that bracing. 

Thus wo may tabulate (as in Lathoin’s method, see page 118) the flange 
stresses in any girder subject to any given rolling load by considering the 
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calculated value of the and dividing by the measured depths of the girder- 
at successive points. 

Having obtained thus the flange stresses, we can next write the horizontal 
components of the^eb stresses by taking the difference of the amounts shown 
in the first table. 

In the case of the parabolic girder, subject to a uniform load as in Plate X., 
it will be found that the li )rizontal component of the web stress in any bar is 
greatest wheii the Avhole of the^ panels on one side of it are loadetl, aiul when, 
the other panei' points arc unloaded. The? amount of such stress’ will be found 
to be ecpial to the total H (horizontal flapge stress) number of panels. 

In Fiij. let till* greatest depth=:l, the panel breadth— 1, and the panel 

load — 1. 'J’lieii fi-om mcasurcMiient of the four verticals in the 5-paneled girder 
the lengths arc 0*(J4, ()*!)(», 0*i)n, and 0-04 successively. 



iiiul tJie liorizoiital llangc stresses, avc have to find the when each 
panel jjoiiit is loaded liy the load — 1, ami diAude by the de})th at each panel 
point. 

(1) . When the first jiand jtohit 71 is loaded icith load--\. The reaction at 
A^O’S, and at H - C) '2. 'Hu* at R — O'Sx I =’8, ami the length RC — 0'64. 

Ifence horizontal flange stress at C 0 '8 0 *64 = I -250. *- 

,, ,, ' ,, l>=:(0 8x2-lxl)-M)*90 = 0-62.^). 

,, ,, ,, K=(0-8x;3-l x2)-^0-96--^()*4l7. 

,, ,, ,, F .(0-8x4- lx 3)4- ()eJ4-0;il2. 

(2) . When the )}(inel ftoint K is loaded, the other points heintj unloaded — 

Tile reaction at A is noAV 0-li, and the at R — 0*6 x 1. 

Hoiicc horizontal flange .tress at C=-0*6x 1 0'()4 = 0*938. 

f)=-0«x2-^0*96=^l*2o0. 

' ,, ,, K=(0*Gx3-1x1)4-0*96 = 0*834. 

F (0 *6 X 4 - 2 X 1 ) 4- 0 *64 = 0 *625. 

In like manner, by considering the load at T, ancl then at U, calculating the 
at each panel point, and dividing by the depth, we get the following, 
tabic : — 


Taitle shotvinff the SireSM a 

each oflen^fth^l^ and loaded with panel loads eeiAh'^i* 

* j* i 


Posidon of 
l#oad. 

• Stress at 

O. 

Stress at 

D. 

Stress a# 

E. 

Stress ' 

»'v 

At B 

1«S0 

0-625 

0*417 

^ 0*312 


0*938 

1*250 

* 0-833 

0*625 

9f 

0*625 

0*833 • 

l-2o0 

0-938 

V • 

0*312 

0*417 

0-625 

1*250 

Totals . . 

3*125 

^•125 

3 125 

3*125 


The greatest horizontal stress produced t>y the pass.igc of the load is a con* 
stant throughout the girder, and is equal to 3T2.*>, winch is the same as the 

WZ 

tension in the string, and = — . 

aCb • 

To find the web stresses we ta{?e the differen^*e of the flange sti esses in tho 
above table. TfinSj to find the horizontal component of the \\d?h ^itross in the 
panel OR/6D, we take the difference between the lioti/ont.Tl flange stress in 
AC and that in CD, ».e., t 1*2o 0 aud + 0 8*2.*)— - 0 62.’), wlien the load is at R. 
Similarly, for tl\at position of load; the hoii/ontal tt)mponont of web stress in 
the panel DSTK is the diffeience between the lioii/oiital ilango stress in CD» 
and that in DE, i <*., -0*625 and K)*417— -0*208. 

In like manner we ca^ deduce fiom the forinei tabular statement the- 
folloiving : — ' 

Table showing the Horizontal Sirens in ea( h Panel of the ]V( h in a Parabolic- 
iJirder of 5 panels, under condit tons as sfafnl abort . ^ 


Position of 
fjood. 

Panel CS 

Panel J)T 

Panel EU. 

At R 

- 0 625 

- 0 20S 

-0*105 

s 

+ 0*312 

-0 417 

-0 208 


+ 0*208 

i 0 417 

-0*312 

u 

, +0*105 

. t 0 208 

\ 0*625 

Totals 

- 0-625 • 1 

- 0 625 

-0*625 


+ 0-625 1 

\ 0 ()25 

1^0*625 

From this table 

WO see that the inaximiini hori/ont.il 

web stress, either 

positive or negative 

, is a' constant, and 

is equal tt) 0 625. 

But, since the ten- 


sion in the string is 3*125, the horizontal cc ii^neiii^of the web stress bears to 
it the ratio of 0*625: 3*l2f or 1:5, which is the latio of any of the pp-nol lengths 
AR> KS, ef^,, to the whole length AB. Sincie AB represents on the graphic 
diagram the4>otal tension in the string, AR, RS, etc., will represent, on the 
same scale, the horizontal components of the web stresses, and RD^ SE, etc., 
will represent, on the same scale, the actual stress on the indlined bars. 

By this graphic method, the stresses on a parabolic girder can be aiscjsrtained 
more easily than in any other class of bridge. ^ 

M 
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>SiTsrENsioN Bridges. 

t 

Advantages for Military Work. -Disadvantages. — Stress in Cable'for Uniform 
Load. — l*osition of Maximum Shear and Bending Moments. — Direction 
and Pull on Arichoragt;. — Melliods of Stiffening Roadway. — Method of 
Stiffening Cables. — Details of Coiistruo' Ion. — Appendices 

The advafatRg<^^s of suspension bridges in purely military operations 
need not here be dwelt upon. Many examples in recent campaigns 
have proved the value of this form of structure for the passage of 
ravines and rivers, especially those with swift currents and in 
mountainous countries. The advantages of adaptability to wide 
spans, facility of erection, cheapness and portability of the materials, 
which have made this form of bridge so important in military 
operations, hold good also where permanent bridges have to be 
erected for ordinary roads. In the hill roads in India this form of 
bridge has been very largely used. 

The reason of the usefulness of this class of bridge will be at once 
appai-ent when we consider the following facts stated by the late 
Professor Fleming Jenkin, of Edinburgh University : — 

“A man might cross a chasm of 100' hanging to a steel wire 0*21" in 
diameter, dipping 10 feet; the weight of the wire^would be 12*75 lbs. 
A wrought-iron beam of rectangul6,r section, 3 times as deep as it is 
broad, would have to he about 27" deep and 9" broad to carry him 
and its own vjtu/hi. It would weigh 87,500 lbs. The enormous 
diflCerence would not exist if the beam and wire had only the man to 
carry, although even then there would be a great difference in favour 
of the wire ; the main difference arises from the fact that the bridge 
has to carry its own weight. The chief merit of the ^suspension 
bridge does not, therefore, come into play until the weight of the 
rope or beam is considerable w^eri compared with the platform or 
rolling load ; for although the chain will, for any given load, bo 
lighter than the beam, the saving in 'this respect will, for small spans. 



be more than compensated by the expense of the anchorages. In 
large spans the advantages of the suspension bridges is so great that 
we find l)ridge8 on this principle of 800' or 900' span constructed at 
much less cost per foot run than girder bridges of half the span.” 

In mountain gorges the suspension bridge principle is sometimes 
the only one that can be adopted, owing to the great expense that 
would be ttitailed by the construction of piers for ^rder spans of ‘ 
moderate length. , 

'file disadvantages of this form of structure are : - Disadvan- 

(1) . The suspension bridge is jieeidiaily liable to the destructive 
'effect of wind from beneath, lifting the structure suddenly and then 
dropping it. As the wind m mountain gorges is often of peculiar 
force, structures exposed to its action sjiould bo desigijod with 
siiecial reference to such ityilifting efr<;ct. In addition to this 
vertical effect, lateral oscillation is produced by the wwid^and must 
be guarded against. 

(2) . The want of righlity in^a suspension bridge is another very 
serious disadvantage. This is the reason why it has not been applied 
to long span railway bridges tw a greater extent than has actually 
been the case. Any l^cavy loads passing over the bridge tend to 
cause deformation, loosening of joints, and excessive load stresses ; 
and this tendency is increased with increase in the ^ clocity of the 
passing loads, and with synchronous impact. 

In the design, therefore^ of such bridges attention must l)e specially Points to Ije 
devoted — (i.), to the arrangeinents for stiffening the entire structure, 
and (ii.), to the resisting of wind stres.'^es. 

MoferidU, 

The materials foi* the cables may be either — (1), steel wire rope ; Wireroixj. 
(2), wire lashed together in situ iron or steel links 

wire rope is, in civilized countries, very siiitablo, as it is both 
cheap, strong, and easily a])plied. But in out-of-the-way regions it 
is difficult to transport it. • 

Table VI. gives the weights and pi.cesj|t>f steel rope manufactured 
by Messrs. Bullivant (fc Co., Mark Lane, Londbn. ^ 



Table VI, 


of 

ftnd 

pn^ of steel 
wire hawserfl. 


Steel mie hawseis sold h} Mes^s, Bulhvant db Co , 72 , Mmh Xan*?, 


Size, 

circuni- 



Price . 

Equal to 

Diaiueter ot 


Weight per 
fathom, lbs 

Guatariieed 



tarred 

barrel or 


bn aking^ 

90 fathomu 


hemp 

sheave rounti 

1 Bemarks^ 

inches ' 

strain, tonH 

120 fathoms 

hawser 

VI hich it maj 




k. 8, 

£ 8 

Inches 

be worked 


6 

33 

88 

52 10 

70 0 

19 

86 



2S 

74 

4S 0 

•►A 

64 0 

17 

33 


5 

«* V- 

64 

39 10 

52 10 

15 

30 . 

1 

*i 

15 

30 

23 15* 

3.1 10 

13 

27 

1 

4 

11 

33 

19 10 

26 0 

12 

12 

§ . 

11 
eS «> 





• 



3i 

9 

26 

16 5 

21 10 

11 

21 









H 

S 

22 

14 5 

10 0 

10 

194 

£ " 

3 

7 

1 

IS 

12 10 

16 10 

0 

18 

S 








M 

2| 

5i 

15 

11 0 

34 10 ^ 

ah 

164 



4^ 

12 

9 5 

12 5 


15 

“ 03 

^1* 

251 

3| 

0 

7 5 

9 10 

64 

134 

2 

2f 

7 

6 10 

8 10 

5? 

12 

pa 

u 

2 


5 5 

V 7 0 

• 

5 

104 

i 

H 

1/ 

4 

5 0 

6 10 

4 

9 

3 

n 

1 

2h 

4 10 

6 0 

34 

74 


1 


1 { 

3 15 

5 10 

24 

6 
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m T^egiapl^ wiie sti etched and lashed together in bundtes has been 

^ tnost successfully used in the Hiratolayan Bridges by Capt* apd 
, ^ Brevet Lieut -Col F. J. Aylmer, V.C., It.E< The wire can madh 

♦ Up in coils of no greater weight than a man can carry. The 
‘ ^ advantage of this in reniote districts is obvioUs. 



V 'The'Frilwtii« Bridge (!pi^X|t.XIII.,XIVi‘),ereo^‘!4^^^ 
'oyer e spaaa of $P7 feet^ ii^ a notable instance, of this no^ethod 
4truction. Each .main cable was formed of two buijdlei, each in 
diameter and composed of 1,1556 threads of wire 3*12'^ in diamet^t 
The ultimate strength of all the cables was 2,500 tons, with a gr^s 
iurea of about iS square inches. At ovary two feet the bundle "WiSsi , 
firmly bound round with wire. In approaching thci^Tiiers the two 
cables on each side of the bridg(^ gradually spread out and unitd into 
one flat band of parallel wires, which in this form passes over the 
three friction rollers on the top of the pier. The coils of wire as 
delivered on the works weighed from *18 to 20 lbs. After delivery, 
if found to be without defect, each coil Mas immersed during two 
hours two or three times in a cauldron of boiling linseed oil mixed 
with a small quantity of litllTfrgo and sopt. The. criils, after being 
dried, were then rolled on wheels about 16' in diaincier^the ends 
of one coil being spliced to another until a drum was Tilled up. The 
forming of the wires into cables was then earned out. Each of the * 
iour suspending cables was composed of 20 stiaiids, viz., 12 with 56 
wires, and 8 with 48. A block of oak b (Fk/. G, J^Jah XIV.) was fixed 
upon a low frame, and fir/nly retained in its place, the ( ui ved part being 
protected with sheet iron. At a di'^tance of 614' fiom it (equal to 
half the entire length of the cable), two other lilocks a and c were 
placed, from each of which projected hooks to loccivc the cruppers 
which terminated the stands. Thioiighout the distance of 614' 
transverse cylinders were placed to &upi)ort the wii es. 

To stretch the wire, one end was fastened at a and being passed 
through one of the cruppers, was carried off in a cait bearing the^ 
areel. It was thus unwound, then bent round /;, and there given a 
tension of 220 lbs., by means of a coid passing over a horissontal 
-cylinder e and d at each end of walk and having a weight of 
220 lbs. attached. After passing louiid b the M ire was taken back 
to Cj passed round the crujiper tlieic, and subjected to the same 
tension as the other length. This oper.ition being continued till the 
>end of the wire was reached, that end was then united to the first 
thread temporarily fastened to the bl^k in commencing the 

* A more Modern instance of a suspension budge, whoso cables are entirely 
of wires hound up, is the ipagniticent budge connecting NeM' Vork ftiid 
Brooklyn ; span 1,600', with 4 cables each with 5,600 wires, and with a total 
•diameter of 15*73" to efich cable. The details of the construction of thesh 
cables could not be ascertained by the writer, and it is considered that^po$(sibly 
the information about the Bribourg Bridge, old fashioned though it‘ mfty ; 
jp^rhaps be equally useful tb those for Whom this book is intentAuf 
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SjK'cificiitioii 

for Ohio 


Iron (M’ stool 
rods in links. 


operation. The two parts of the stVaurl near the crupper were then 
bound for a length of 18" by a spiral ligature. In addition to this, 
temporary ligatures were bound round the strand at 3' or 4' intervals, 
and these were not removed till the strands Avere about to be united 
into one great eable. Tlie strand thus bound t()g(*ther was paved over 
with a coat of the sanie oij A'artnsh through which the wire had 
already passed'^' 

This proccdu]-o is here given in detail as it may possibly be of use 
to oflieers Avho have to cany out similar work in inaccessible regions. 
The detail of tlic construction of the mooring chains and suspension: 
rods Avill l)e described hiter. 

The following is tlie s])e<*i[ication for a suspension bridge of 850' 
span recently (‘onstructed over the Ohio : - 

The Avire used in this In idge for U-. cables to he \o. 6 B.W.G. 
The ultimate strength of tin* wire shall he 190, 000 to 205,000 lbs. 
per square inch, its (‘lastic limit 05,000 to 100,000 lbs. jiw scpiare 
inch. A variation of Avire will mo allowed of O'OOO" in the length of 
one Avire. All Avii’e as soon as m.ide must be ])as?(*(l through an 
approAUid prcjiaration of Iiiise(*d oil t() j>rotect' it from oxidation. If 
the Avirc is tested to destruction, an elongation of not less than 
3 per cent, in TJ" shall be alloAved. The Avii’e shall also be capable 
of being Avouinl round i*od AAuthout showing signs of cracks. The 
Avni{)ping Avire shall be No. 10 ordinary soft wire of 80,000 lbs. 
ultimate strength, and the cable to be ])ro})(*Tly wrapped by a 
Avrappi ng machine. '^I’he c.ables .shall be adjusted to a height a.s 
directed by the cngine(‘r, and to be made of seven strands of 
parallel Avirc of 55 sejuare inches net .section. One wii(i out of a 
stock of 40 may be testcul for the acceptance oi’ rej(‘ction of the lot. 
The strands to be laid on a Avoodeii platform and one coat of ])aint 
applied befoi’e its erection, and kej)^ as clean as ])o.ssil)le. Allstrand.s 
must he made under strain, Avell adjirsted, and have a fixed length 
given by the Engineer and checked by the guide Avire. After the 
cable is wrap])ed it .shall get three good coats of paint. 

I}Vfi or i^ird rods or hars linked at intervals arc frequently used as 
cables, and the sus})ci;sion*''rods are hung from the same pins that 
join the lv:ks in the main cables. In this construction the joints are 
obvidu.sly of the greatest importance. ** 

Temporary suspension bridgc.s may ])e formed of hemp ropes, 

* This description of tlie Fribourg Bridge, and the plates illustrating it, are 

obtained* from an old book on bridges, now out of inint, published by Wcale 
in 184;i. < 
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canes, twisted cables of twigs, etc., but the use of such expedients 
does not come within the limits of this work. 

The arrangements of the materials al)ove montipned is such that 
the cables are flcxilde and adjust themselves to the load. Mr. 

Claxton Fuller has, however, pointed out that instead of employing 
a flexible chain wdth a rigid roadwa}\#it is i)ossi))le, and in every 
way more ^^lvantageons to make the curved chain ivr i‘il> rigid in 
itself. AVhen the chain is flexible and adjusts iUelf to inetjualities 
of load, the flexibility ])rcvent.s any moment of flexure being 
produced in the chain at any j)oint, and the stiess on the chain is 
pure tension. Jhit when tlie chain is rigid the form given to it 
must be such as to resist tlie moments pro(iuc(‘d by all inc<jua]itics 
of load. How this is to be done will l)e (](mionstiat(;d p]*esontly. 

Meantime it may suffice tip's ay that in^ comuMtion witli this, the 
material to be used will be steel, or iron, in plates, angies,J)ars, etc., 

just in the sanuj way as in a girder bridgi^ 

• • 

• TJiron ( ('<((/ I’df nut'^. # 

That the ciii'vc of tlic siis|)('iisioi),cli<iiiiM is a n-adily follows Tlieonstical 

tlic consifleialion of its homy Iho inviMlc'd f«nm oi the howstimy hriilge as <‘^>n'^>‘fi*o‘tii)n.s 
dciiioiistraiod in tin; hist (/*lia])tor. ^ A sop.uiiti' piMol is yi\oii in Appcinlix 1. 
to this Cliaiitor. The liori/onhil ooinjunirnt || tin* sticks on o.ioli oiilfle at 
all parts is 

^ 

wliori' a* is tlio dead woiglit, and (In* li\r load, p«M mill ot lonytli ot tin' 
whole hndye nnitonnly distiihuled all o\er, n is tin* sp.ni and d the yriMlest 
dip. 'rile length of any susiiensioii lod // tioni.a point on (lu- ( in\n djslant .r 
from one suppoit to the (hoiizoiital) laiigoin a( <lu* lowe-( point is 


The tension in cable at the tow^eis is H sec, (j, 'H 

Length of cable between piers — 


Trautwdne gives an approximate rule /-n r •‘J.T/, when it is not greater 
than ,b n. 


* Actually it is not exactly a parabola •because the extra weight of the siiS]3(‘iisiou 
Ixars at each end of the bridge iireveiits the load from In'ing etjuall^' distnbuted all 
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Design of 
stiffening 
gircler. 


Stiffening 
girder made 
uniform 
section and 
bracing 
throu^iout. 


Rtemple of 
design of 
stiffening 
girder. 


Design of Stiffening Girders. 

The tendency to deformjition in the cables caused by passing 
loads, which is one of the chief oI)jections to the suspension bridge, 
can be obviated by the use of a stiflening girder to carry the road- 
way, the function of which will be to distribute the passing load 

equally ou the cables. The of such a girder will bo^j^. and 

lOo 

the positions of this M/r will be at points J of the distance of the 
span from the piers. The maximum shearing stress will be 

and will be at l>otli ends and at the centre. 

16 

Here = wciglit on hnlh cables per unit of length of span, 
a = span in same iinit of length v... taken for p. 

For proof of the above values, see Appendix If. 

It is usual to 'make the hooms and bracing ecpially strong through- 
out. It must be reniemhored that as the m*ay be either positive or 
negative, the stihening girder should bo designed so that the booms 
may take either tension or compression, and as the shearing stress 
may be positive or negative (the head of the load being always a 
point of contrallexiire), the girder shodld be counter-braced through- 
out. 

Since the maximum shear occurs at both ends and at the centre, 
and the IVIfl* at the jxdiits, it is Jicccssary to^make all the dimensions 
to carry these stresses, thus making uniform sizes throughout 
the entire truss. 

The d(ia(l load being entirely susj)CiKle(l from the cable, the 
amount of the sliear in the girder is not affected by it. 

The design of the stiffenijig girder is thus reduced to simple pro- 
portions, the JVItr being , and Yho maximum shear . The 
* J08' 16 

usual design is a Howe truss, which may also form a convenient 
parapet to the bridge. 

Tlio roadway girders mu.st be anchored down at the abutments, 
because the ends would^ otherwise rise under certain, positions of the 
load. . ' 

As an illustration, we may take the following : — 

ExampIjc IT ). — Design a stiffening girder for a suspension bridge tvith 
a span of 100', weight per inch run, h5 lbs., width of roadway being 5 feet 
Timber deodar. {Fig. 147). 

This wouldi be a bridge for a road for pedestrians and pack 
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^animals, such as is common in *tho Himalayas^ TKo side railings 
may be 4' high. 

Here , p = 35, a = 100 x 12= 1200 inches. 


^ “ — -?nK ~- — = inch-lbs. 

lUo lUo 


Using the* side railing as a stiffening girder with a h^ght of 4', and 
taking the safe resistance to crushing of deodar at 800 lbs. per square 
inch, we have 

Mft = Mr = rad — 800 x x 4 x 1 2 


or 


4<S X 800 


1 1 *G inch(is. 


Make 4" x 4", which would do for both booms. 



jErtUxT^eiji' el€4rat^n^ of' ^ 

Fiij. 147. 


* This section being 10 s(|nrtre inolies ninl tJu' Icngtii lit^jLivueii any two 
verticals b^iiig 4' (see Fi(j. 147) wti liavc ratio I'.d - 12 and K<|uatioh 160, 

Part I., for timber columns becomes 

P=5r^A = G66x 16=106o6 lbs. 

"The actual stress is — ^^720 lbs. 

Hence 4" x 4" will do quite well. • 
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FnlMHux 
}ii idg(ul(*h- 
(•lent in 


The braces have to take maximum shear, i.e . — 


16 


35xT200 ’corn 

. — =-■ 2625 lbs., 

16 


which, for a l)ar at to®, ]^ccomes 2625 x T-flf. 

The inclined bars will be 4 x T414 = 5-6', say 67" lonj[ 5 , and the 

least dimcirsion will be about 3". IJence f -^22 and A (see 

h 

p. 160, Part r.). ?v being 800, A -- ” 400 ^ square inch c.s. 

Make { ' x 3 " and use iron rods^^ as verticals (see Fi<f. 1 t7). 

If the span aiu* load be such that timber is not suitable for the 
stiffening girder, and ste d has to be ^substituted, the Hanges or 
booms should be designed as com])res.sion bars, of T or L iron, and 
a high factor Of .safety should be taken on account of the reversal of 
stress. 

‘ t, 

riat(^ X\b shows the suspensior bridge on the C/liakriita Poad over 
the duinnn, desigtuMl by tlio late Major-General Sir James Browjie, 
R.E., in which the princijile of the stiffening girder is veiy clearly 
shown. 1 

If we ap[)ly those rules to the investigation of the .stiffening girder 
in the Fribourg Bridge we shall see that it i.s very deficient in 
rigidity. The roadway is 21' wide, the balustrade truss is about o' 
from centre to centni of booms or chords, .\nd the upjicr boom or 
chord has a section of 0-32 square feet. The timbei’ having a safe 
resistance to crushing (/v) of, say, 1,200 lbs., this gives a value of 

M, -- nid-~ 1,200 x 0-32 x 5 - 1,900 foot-lbs. 

Now Mn- , and a ^^01 feet. 

lOS 

rj 1 900 X 108 ^ 11 f , 

Hence //- = 0 ’31 lbs. per foot run, 

^ 807 X 807 

* - 

{ 

which is Y"''- V small. Hence amj live load practically will cause- 
some oscillation. 

This led to the strengthening of the bridge in 1880. 


* Wrought ii’ofi can bear 5 tons per .stpiare inch. safe tension. Hence bar 
takes *7854 x ’Stix *2240 x 5 — 2080, which is liardly enough. Use bars. 
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Dredije^s Syderh of Sloping IhnU. 

Ill this system the platform is hung from the main chains by a Slopinjjr sus- 
series of sloping rods, either parallel, making an* angle </> with the 
v^ertical, or at varying angles. By this system a horizontal corn- 
])oncnt of stress is introduced into the *slo[)ing rods, which is 
counteracted by longitudinal stresses in the roadway.^ It is, in fact, 
the same principle that we have seen applied to liraccMl girders, 
where the inclined braces transmit part of tlui shearing stress to tlic 
booms. 

TIui stresses on the A'arious niemhers of su(*li a bridge may be 
readil}^ detcrmine<l b}' a stress diagram. Let Fig, 1 IS rc^present such 
a bridge, the bottom chord 
being free at the ends, r' -.1 
consequently in tension. Draw 

the load line o) // rc})re- 

sonting the weight suspended 
from one mtiin <*.able, and* 
divided into op, po, etc., repre-^ 
senting the vcrtieail weight 
from each tension rod. Fiom^ 

X and ;// draw lines xh, ga 
[larallel to the slo])ing rods at 
the ends, and ph, og, etc., 
horizontal, representing the 
horizontal stresses at Aariun^ 
panels. The horizontal ten- 
/\\l\ 

Sion at the centre ^ A nia}' 9^ 

be drawn ^/r, found by <lrawing ^ 
from X and // lines parallel to 
the tangents to the cuiwe 
at the piers. Then join 7//, 

77, etc. These lines will rein c- 

sent the stresses in various *■ ^Fuj. 118. 

parts of the chain. 

This f5rni of suspension bridge, pro|)ose<l about 18:10 by Mr. Disadvnn 
Dredge, of Bath, was considered at the time to be a greaf improve- 
ment over the system of veilical rods, because by varying the 
inclination of the bars, making them more nearly approach the 
vertical at the abutments than at the centre, it was cunsidered that 
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the greatest economy of material could be obtained both in the 
chain and in the suspension rods> on much the same principle as that 
proposed by 2nd Lieut. Graham Fraser, K.E., for roofs (see p. 283, 
Part I.). Unfortunately, the effect of oscillation produced by trans- 
verse loads, and the uplifting action of the wind, seems to have been 
lost sight of in this coiistinjction, and it is unquestionably less 
adapted to resist these external influences than the other forms of 
this structure. 

Method of (hddes (oul Alternate Su.^jiension Hods, 

Alternate sus- To neutralize oscillation, the suspending rods are often hung 
}mrn a^sy^em alternately from one a!i<l another of the seveial cables forming the 
dualVables. main cliain. A recent instance of this/':.pplicable to a bridge in a 
remote region, is the Olvusaa bridge over the Southern Hvita in 
Iceland, one spaii 210', and a half span of 143' (described by Major 
Appletoiq E.P]., in the L\E, Pnfesslonal Papers^ 1895). Each main 
cable is com])osed of tln eo scjiarate cables, the centre one of which 
has a strength e(iual to the other two combined. The suspension 
rods are hung from the c(uiti*o cable and from the two outer cables 
alternately. 'J’hesc rods are at 6' intervals, and the roadway is 
formed ti’ansversely of rolled steel joists 5" x 3" x /jy", supporting 
channel irons 9" x 3' x ,v.". This construction gives great stiffness 
to the structure, which is only intended for pedestrians and 
pack animals. d'h(5 position of the point of contra-flexure is no 
longer exactly at the head of a moviiig load, and any tendency that ^ 
there is to bend is met by the resistance to bending of tlic channel 
irons. The hridgt? is further stiffened laterally by wind bracing, 
and by the splay of the bracing neflr the towers. The details of 
this J)ridge are shown in Major Ajopletoji’s paper above referred to, 
and are well worth studying. 


American, Si/stmi of Inrlined Tension Bars from the Main Towers, 

American sya- Another exj)cdient for sth/cning the roadway is to use inclined 
«tays^ from tbj .•,inimiit of the towers to various points in the stiflening 
truss, as tar as { the span (see dotted lines on left of Fig, 14-9). The 
^ tensions iri’such bars can only be determined by the consideration of 
the relative rigidity of tho bars and the various members of the 
• * stiffening truss. This investigation is not very satisfactory because 
of variations m workmanship and elasticity. 
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Influence df Temperature, 

The effect of changes of temjgferatiire in suspension bridges is most Influence of 
marked. In* girder bridges these changes are, provided for by 
roller bearings at the ends — a device which/ is not applicable to th‘e 
suspension bridge. , 

• - 4 . 
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'Fvj. 149. 

“ J£ the temperature of a bflr of is ndscd from the freezing to 
the boiling point, through 180*" F. or lOCV 0., its length is 
thereby increased by | per cent, or by of its original length /. 
The elongation due to any given ranges of teniporature can there- 
fore be easily calculatccl. If the chain of a suspension bridge is 
thus elongated by any rise of temperature, wliile the span remains 
unaltered, the dip of the chain will, of course, bo inci eased, and the 
consequent deflection or depression of the roadwoy in the centre of 
the span may easily be found as follows : — 

Let = half span. 

at 

d ~ central dip of the chain. 

^ = length of the semi-parabola AJJ measured along the- 
curve. (FfV/. 149). i. 

Then, by the properties of the parabola- 
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Variations 
allowed for 
in Kiij^land, 
and abroad. 


Ktft+ct of H 
^ eny^ual hinge, 


Now, if the length of the half chain is increased by A I, wc shall 
have the increased dip of the chairi-^- 


In England the observed expansion of iron structures from their 


coldest length ii])i)eiirs to be A ^ = 


I 


2 X 2400’ 


corresponding to a range of 


temperature of about 00° F. But in America, and, indeed, in most 
foreign countri(;s, the range of temperature is considerably greater, 
and a range of 100" to 150" is commonly provided for. The cables 
of the Cincinnati Suspension Bridge have a span of 1,057 feet and a 
dip of 89 feet at mean temperature, but the di[) varies by as much 
as 2 feet between the siimn’ei* and winter. This variation, howevei', 
is partly d.K) vqthc expansion of the side spans, which is, of course, 
attended with a horizontal motion of the saddles upon the summit 
of the pier, so that tire central span ic reduced, while ^ the length of 
the central cables is at the same time increased. 

Whatever the length or* form of the side spans, let A^^ ro])resent 
the horizoirtal rnotiorrs of the saddles due to the expansion of the 
side chains; then, the c(nrtr*al span ireing r’educed hy 2 A e, the 
augmented clip of the chaiirs at the ceirti’e of the span will ho 


<l + - 0'«'‘''r)0 




+ A/r-i 



o 


I’rom the nr'iirciplcs of deflection, using the formula V — 

when we know the actruil deflection of a girder*, wc can ascertain the 
.corresponding iirtensit y of stress in the flanges. Thus it is possible that 
there may he air initial interrsity ot sti’css in the stiffening truss, 
.-araoiintirrg to a very corrsiderable (piantity, arising solely from 
accoramodatioii to tire temperafur*e, without any live load at all. 
The available sti’cngth may thus be .seriou.sly reduced, and this will 
be enlrarrccd hy the elorrgatj^m of the mooring cables, due also to 
increase of t^Tnpeiaturd. 

We» t’lius seu that if a central hinge be iirtroduce/d, as irr 
Fifj. 149,* so that the girder can rise or fall with changes of 
temperature, we get rid of tho difficulties of temperature, but 


* Mr. Claxton Tidier, p. 354. 
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the calculations for the stiffening girder given above are no longer 
applicable in their entirety. .The maximum shears occur when 
the bridge is half loaded. (See Appendix II.). Iii Fif/. 149 let the 
whole span be covered with the dead load, wfiich, per unit of 
length = and live load over half the span per unit— jy. Then the 

total load on the bridge — + Tlie two stiffening girders, each 
• ^ 
of a length = hinged at thtjir j)oint of meeting, must each be 

designed to bear a load of ^ x uniformly distributed, each subject 

Jj • 

to alternate upward and downward bending stresses. 

The Mf diagrams are shown in Fi^j. 1 19 (lower part). If .r — hori- 
zontal distance of any point from the eentne, the Mf on each gijxler 



At the centre of each girder ^ 



Hence in a hinged suspension bridge the Mu* is about | of the 
•due to the same unit load acting ou a span of the same total length, 
unsupported by the cable. In this case also the roadwaj' girders 
must be held down at the abutments as well as supported. 

The dotted curve in Fir/ 149 .shows the Mf diagram wlien the left 
half of the bridge is loaded. 

Mr. (^laxton Fuller, however, has ;'ointe(l out that tlie <luty of tarrying the ;^[r. Fidler’s 
rolling load is to agj-eat extent pei'forme<l twice over, once hy the chain, and stilftMicd ril>. 
onco by tlie stiffening girders. 'Hiis diiplev sy.stcin is, of coiuso, extravagant, 
and it is proposed to effect economy by using a rigid rib, consisting of an upper 
and lower nieiubcr united by diagonal bracing, aiul of a tleplh proportioned to 
the Mf as in AVf/. ITiO. 

This form has not only the a<l vantage of stittnes.s, put “ the united sectional 
areas of the upper and lower incinbers need bo no grcater,'**'o. little 

greater tha^i that of a single flexible chain or arch designed to early tlie same 
total load ; and having this sectional area they will resist the bcmhng action 
of the unequal load without suffering any further or greater stress."* 


* Claxtoii Fidler, Jirid(fC Construction^ p. ffG2. 



The form thus given is illustrated in Fig. 160. If w be the dead load, and ^ 
the live load, per unit of length, a the span, and d the dip— 


H (the horizon tul stress running through the whole bridge) = (p + ~ . 

Y OCt 

The outline of each rib is fi\ straight line AB, and a parabolic curve AA'B, and 
the neutral line of each rib ia a parabola ^shown dotted), which bisects 
every wdiere theorertical depth of the rib and passes through A^ B, C. Tho* 
stress H is dividc<i e(puilly between the upper and lower ribs ; it is rherefore 


■= 


a2 


The Mf due to the live load covering half tlie span AB will be represented by 
the parabolic diagrams in Fig, 149. The horizontal flange stress H' due to 
these moments will be unifMim tliroughout^a-nd if d' represents the greatosb 
central depth OB' — 




4 . 16d 


(since d = 2d'). 



“But the tensile stress running through the wliolc suspension bridge will 
now be reduced to 

and in eacli member tlie Jotal It&rizontal stiess will be 


± 11 ' 




* For each cable 
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‘ Hence in the upper member of AB. H — - 


?/»a2 


lower 
upper 
, , lower 




Be, Ha =-(«■ ■! 


/'.oi- 


H.,-- 


16(/ 


“Therefore, if the members areMesigiied, as they must be, to carry tlie 
entire load w + py they will be strong enough to carry the unequal load, for in 
no part is the tensile stress greater than tliat due to the (udire load. At the 
same time, it may be observed that the t<m.sile stress isiiowbere less than that 
dr«e to the dead load ?<’, so that the stresses will not alternate betvveen tension 
>and compression like those in the auxiliary roadway girdei ."* 

It will be observed that tliis form lias the appearance of two festoons, and Stiffened ribiii 
they evidently include all the distorted curves that can he produced by a 
passing load. Although elaborated by Mr. (llaxtoiiFidler, it^wns proposed by 
other scientists as long ago as 18f>l. The recent application of it to the slioro 
spans of the Tower Bridge in London wilHjc familiar to cvervoiic. 

Tliis form also gets rid of the necessity of having a very small dip, and, 
therefore, great initial tension in the main cables. 


Stres.^^is otl Moortiuj Cahh;.< nr Jjitrl-.sfa/fs. 

'When the main cables arc continuous over tlm pici‘s, and ])ass over Mooring 
rollers with little frictional resistance, the tension in the chains at 
cither side will be the same whether tlie ant^b's of inclination 
with the vertical he the same or not. If those angl(‘..s ;ue the same, 
the pressure on the jhers will be vertical (A, Fi;/. Ibl). If they 
are not tlie same, an inclined thrust will he brought to bear on 
the pier, the amount of which can lie readily ascertained h}^ the 
parallelogram of forces, as in B, Fig. 151. If T he the tension on 
either chain, 0 the angle of inclination of the tangent to tlie horizontal, 

B the vertical pressure on the pier — 

K = 2T sin 0(Fu/. 151); 

and as 
wo get 


T = H sec Oy v 


-r, 2wa^, n 2w(i- 4il 

R = — -y- tan 0 ~ X -- -- wa. 

Sd Sd a 


* Claxtou Fidler, Bridie Comftritction, p. % 

N 
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SllVs^ (Jl) ]J1( 

should 1)(’ 
wrtieal. 


AiK-liora^^ 


That is, the vertiail pressure on each ''pier is equal to the whole dlstrihated 



Fuj. 151 ^, 


Wlioirthc vnds of the main c.able ami the mooring cables arc 
fastened tj a saddle free to move, the resultant pressure on tlie 
[)ier will be vortical, the liorizoi.tal ebmponents of tin. t(nision on the 
two cables will be the same, but the total stress will vary according 
to the inelinatiofi. If i) be the angle which the main chain tangent 
makes with the horizoiital, and O' that of the mooring chain, then 

T-H sec 0^ and T' (t(msion on mooring cable) — H sec O' ^ 
n being the horizontal component -- 

It is very inij)ortant that the stress on the piers should be vertical 
so as to avoid all bending stress and inequality of pressure. lienee 
the cables should be free to slide over the piers. 

Anchorages, 

The detjiils of the anchorage arc very important. 

It is desiiable to have a narrow jia.ssage along the mooring chains, 
ho tlia,t they may be pcriotlicaPy inspected. 

If the main cables are of wire bound together, or of steel wire 
rope, it is advisable to secure them above ground to solid anchor 
bolts or e Wins of iron or steel well protected from oxidation. Even 
if dfctfay do(‘s begiii it can hardly atlect the interior of the bolts, if 
solid, and will bo evident on examination, whereas with wire cables 
it may be aliecting the interi^-r, seriously diminishing its working 
area, Avithout giving -any ind'cation on the surface. Hence it is 
advisable to^'\':cl”de Avire cables Intircly from the anchorage. 
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Two instances may here be ci|!ecl of failures of suspension bridges 
owing to the anchorages giving wa}'^, and in both cases the passage 
of troops was -the immediate cause. 

The first Avas at Broughton, in the north of'England, in 1831. The Failnn? of 
span was 143', and the anchorage was an ir< n bolt 2' in diameter at 
right angles to the suspension link. Th<i dc.nl weight of the bridge 
w^as calcuLted at 43 tons. A party of soldiers mareliing across in 
stc[) caused serious undulations, and the bridge gave AA^ay. T*lie 
Aveight of the men on the bj-idge was ca.lculatcd at I -8 tons, which, 
combined A\dth the dead Aveight of the bridge and the dip of the 
cables (1 in ll‘()4), gave 37*2 tons on eacli* amdior bar. 'I'hc l^ear- 
ing of the bolt wnis 3^'. Hence the intensity of sheai* on the bolt 
37 2 

was — * — - ton« ner S(iuai-c im h, Avhicli gives a factor of 

2 X -7854 X 4 ' , 

safety for (jood iron of 3. For Ixmding, the niaximyiA intensity r)f 

stress is found by cfpiating the ^ 1,1 on the bolt, ie , — 


37-2 X 3 


lG‘2r) incli-tijns 


with the Mi of the bolt, 


-r X 1 ' X *78.'} 1. 


Hence ?'--=20’7 tons ixw square inch. 

Tlio bolts Avcrc, thcrotoie, originall}’ jii.^t sutliciently large, if of 
good souTid iron, to stand the dead W(*ight, wn'tliout ajiy factor of 
safety. But the cflbct (if tlic troops inaiThiiig across in stej), the 
diiiiinisliod area of medal from rust, the prob.able detoiioratiou of 
the metal — a fa(d Avhicli Avas proved on c.xamination — ](xl to the 
disaster. For safety, the bolts should have becni about 3F' diamctci*. 

The other case occurred on the loth Septeinlun\ 188(), at Ostra Failure at 
Witza, in Austria. The s])aM of tin; bridge was 21()', and the anchor n.'.a, 

stays consisted of 1 2 links. 'Idie cliambej’ enclosing tlie anchor chains 
Avas open to the surface drainage of tlie road, and the ellect on the 
links had been that all Avere more oi* loss allbctcd by rust, one of 
them being completely eaten through. Failure Avas triu'^ed by a. 
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IVLusoury in 
anchorage. 


MtK>riiig 

iJiiblofc.. 


squadron of Uhlans trotting across Jhe bridge. The whole of them 
were precipitated into the river belolq and 0 were killed. 

The official report made of this bridge 14 months before the 
disaster said that it was! in good and safe condition. 

Independent anchor Volts open to periodical inspection arc now 
usually adopted. The pins and links should be designed like those 
in machines, v’^'th a lilieral factor of safety. 

As regards the masoTiry of the an/;horago, the simplest rule is to- 
make the weight of the masonry = 4 times the pull at the vertex. 
If the anchorage is in solid rock, careful examination must be made 
for faults, etc. Illasting .should be sparingly resorted to in excavating 
the anchorage cliambers, as the blast may cause fissures. In rock it 
is difficult to say at wdiat de})th the anchorage .should bo, except that 
the mass above the anchorage may be cfiTiftidered built work. If the 
stratificativ)!! v>f^ the rocks is at right angles to the direction of the 
pull, a comparatively shallow anchorage may Ksnflice ; if the strati- 

, ficatioh is in the line of the 
pull, it will 1)6 necessary to 
. go dee}). 

F'irj.^ 1, Plaie XIIL, shows 
the anchorage of the Fribourg 
Bridge. The arra,ngemonts 
for ti’ansfcrring tlie pull to 
the »’ock on eitlier side arc 
notewortliy. 

In masonry, by changin 
the direction of the mooring 
chains, as in Fl(j. 152, the 
overturning- moinent of the 
})ull is reduced. It should 
be remembered tliat the layers 
of ma-soniy at a slionld he at 
right angles to the resultant 
jss the Seine at Paris failed iu 

1826 from neglect of /his precaution. 

As<«:rg«irds mooring cables, the following description of those used 
at the Fribourg Bridge may be u.seful : — 



CvAULES. 

Tlic.se were made shelter in V covered walk about 85 feet in length. 

Jn this walk ^v'as dlig a longitudinal Irench, 20 inches in width, and 3 feet 
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4 inches in depth. lu tl^s ireqeh w .ts placed a line of beams 82 feet in length, 
nn«I 12 inches square; 16 inches ah* ve this line of beams was placed another 
line of similar dimensions, supiiort^ <l by uprights at about every 10 feet, and 
strongly strapjied to these uprights. 

Tlie extremities of ea<!]i of tlie beams abutted .* gainst uprights of oahy the 
tops of wliich stood a few iiielies liighei- than tl’ j surface of the upper beam. 
Ill the head of each of these uprights was b(*rc<l a hole 2:*? inches <liamoter, tlie 
lowci* part of whicli was exactly on a level with the surface of the beam. In 
this liole works the screw bolt, ua^ 2 -i inclios diameter, and 81 indies in lengtli 
(see I and 2, XIV.). This bolt carritss a sciauv for about halt* its 

length, and the other end is attached to the <*ru|»])ei- ot tlie cable. 3 ^y means 
of a small lever about 8 feet in lengtli, a nut, tlinmgh Avhidi the screw passes* 
is worked rouiul so as to adjust thc‘ end of the hok, to any requireil 

position during the fabriciatioii of the cable. 'I'be small crane h {Fiij. 2, 
Plati‘ XIV.) was employed to moA'c tbe ucuglit uliii h radi ^vi^e was rcipiircd 
to support at the instant of its iiillcM*tion upon tho < i iipnei. The ^'ertical post 
of this crane swung round as a pivot, and the* pud of tlu^ hoi’izontal ai-ni carried 
a small pulley. 

In conunenc;ing the maiuifacture of a cable, the extremity of one of the 
wires wound upon a reel i as attached to oiu‘ ot (lie bodins, and passed through 
the neck of the caaq^por. ^riu' wiie wais then cMrt icmI tc^ the othei* extremity of 
the walk, and supported against tlic iica k of tlu‘ otluu* miipper ; about 2 feet 
beyond this the wire was c;Iast»ecl by a pair of pimau s attached to accord wliieli 
passed over the piillciy on tlie horizontal .inn of tlie crane. '^]\> the oilier end 
of tliis ccjrd xvas attadied a shell weigbing 220 Jhs., ^\ bieli on! inarily rested 
on the ground. Wlicn tlici strain was to be .iiqilied to the wire the crane xvas 
swung round on its pivot, so as to lighten sms'cssi vel y tlie cord, and then 
the wire ; it is evident that .at the moment w hcai the arm of tlii‘ c rane stocjd 
out at such an angle as 1 i force the whole* lc*ngtli cjf wire and cord into 
a perfectly taut cumdition, the weight wms raised from llic ground and 
.supported 113 ?^ the wire ami exud. 31\ the* same process, and with a similar 
apparatus, tlie w’oiglit was raised Iq* the* ware at llii'orlur end of the wailk. 
VN'hcariever the least variation w.a.s ffuiml in ihc’i disfaitcf hi*tuci*n the twf> 
cruppers, wdietlier arising from .-iltcrn.it ions of temperature c>r other c*.auses, 
this distan<;e c*ouhl he exactly re ad justcid h\ iikmiis »)t llui sci ew s, already 
described, at the end of .the walk. When all (he thie.ids of tlie cable had 
becjii thus stretc'lu'd and placed together, the cud of tin* v\ 11 e was united to the 
first end which luul been tciii[)orarilv att.iclied to tlie heam. In this state 
eacdi cable was well payed over wath a coating ol oil varnish, prcjiared as 
before, and tliis vai riish was forced as iniieli as possible into all the vacuities 
between tlie wdres. 

'I’hc cable was tlien stiongl 3 ’ hound with annealed w irt^ (No. 14), at the 
•exti'emities of the cruppers. This wahe ligatiiie w as conlinuco foi’ about 2 feet 
in length. 8 die threads of the cable were then hound into one solui bundle 
1 ) 3 ' a close spiral eiivelojie of wire for the wlfole of that length which was 
■destined to ho placed in the mooring shafts. The remainder of the cable was 
bound at every 2 feet wdtli a ligature for <’ k '^th of S indies; and in order 
to press these ligatures more lightl 3 g p' a to reudei Mic cable more c 3 diiidrical, 
.a kind of circular vice was contrived fit the figure u." ^ 'blc, and the two 
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parts of tins vice, being forced together lIL' means of screw, a great pressure 
was applied to every ligature. I 

When the first cable ha<l been thus faluicated, it presented a most satis- 
factory Jippearanco;*‘but it was no s(w>ner taken from the fralne on wdiioh it 
had been stretched Ilian tVe elasticity of the great mass of wire wdiich com- 
]K)sed it came into play, ai\d caused it U) assume a series of double curves 
like those of a <*()rkscrcw'. It wapdd ha\e been impossible to force it in this 
state into the opening of the mooring sliaft. Aftei- many ineffectual efibrts to 
maintain the cahle in a straight line when at pei feet libeity, in order tluit it 
might lie ])lace(l in its position in the mooring sliafl, M. Clialey adopted the 
follow'ing eApednait. He caused to he piepared a number of small deal laths 
cut from green wood; thi‘se laths wore / of an inch thic k and 2 inches wide, 
and the wdiolc length of the cable Ix'ing cm eloped in four thicknesses of these, 
the whole mass w’as firmly tied loiind w ith ligatures of annealed wiie at e\ery 
‘.i or TO inelu'S. Thus (‘lueloped in a ( as(5 of w'ood, tiie i dilt* was left to itself, 
and ex])eriene(‘<l no eluinge rxeept a \ ery small amount oi torsion. This 
kind of jiaekmg rouml the ea^iles had the further advantage oi pioteetiiig 
them from injure? during the opmation of lixing tlnmi in tluur jilaees. 

Might cables of Nile same limgth, intended for the two sides of the valloN , 
w't'ie sueees.sively f.d)i i<*ated and ]).u k(*d round in , this maiim'r. Fitj. 1 is a 
, soetion of one end of the ti.ime, slu 4 wing‘ t he long h(>ams, t^lie iijiright, the 
tightening screws, and eiiipjaa. F(!/>. ‘2 and »’l ai i‘ an ek'vation and plan of 
one eml of the fiame, .showing the long h(‘jfms, tin* iijiriglil, the ei’upjier, and 
[)tii t of the e.ihl(* m course' ot mamifaeturo ; also the eraiu', with the wciglit 
suspended ovci* th(' pulley. 'FIk' (f'ane is here show n in the position it takes 
when the W'eiglit is hc'ing siippoiteil hy the win'. The dotted lines on the 
plan and section show the position of tlu' arm of tlu' eiane w lien tlie weight is 
at rest on tin! ground. , 

JF/ml Ffijfcniiu/. • 

WindgiiN-. To countenict tlic lifting action of winds it. is customary to take 
sepaiatc xvind ties from either liank below the roadway to certain 
parts of the roadway. 

A luctliod jiroposcd by Mr. Hrnnel for a suspension bridge in a 
country subject to liurricanes xvas to have an iin'erted suspension 
chain in ])arabolic form lieiiealh the roadway, ddiis chain ma}^ be 
.splayed lat(jrally at the ends of the span. 

For lateral xviiid pressure the iiiain chains may lai similarly 
.spkyed,* and the whole of the roadway shotdd be stiflened by 
diagonal bracing. (See the ])Ktn of the Jumna Bridge, XV.). 

CajJain^C^ql'per, in a valuable ])aper on suspension bridges, 

in the ilimalayas,^^' ha.s pointed out that where a bridge is ^nade too 
chise to highest water level, xvind ties may be tjanght by some 
floating obstruction and wreck the biidge. This must be borne in 

% 

4i ' - 1890. 
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mind in design. Captain Capper proposes that where head room is 
possible thddip of the inverted cables (on the parabolic form pro- 
posed by Bi’unol) should be aljpmt half that of the ifiaiii span. Those 
used at the Bnnji bridge over the Indus were two 1^' steel wire 
ropes made fast to anchorages in the rocks al)Oiit 40' up apd down 
stream, working on rollers attached lo tin; ciu'.s beams, and over- 
lapping, at the centre of the bridge as shown ni tFitj. 153, which 
sliows the tics in Thesic lies could not Ix^ taken much below 

the level of the roadway as the bridge was too close to the higliest 
water level. 



Krediou (j/ ]jnthi(s, 

A few notes of a general natui ‘0 may here be given on tlie subject JOn'ction. 
of erection. , 

In com})aving relative methods, spcuit and economy are of less 
imjjortance than safety. ^ 

Wher(i it is possible *lo so, scallbldiiig oi* temporaiy st:iging of 
.some sort is undoubtedly the easiest method, but the fact that 
suspension bridges are usually made over a gorge or some other 
place whore an ijittuanediatc support impracticablt^, lenders this 
class of erection rarely possible. 

Even if*not prjicticalile over the whole sj)an, scadblding may lx; 
very useful over some part of ij:. 

In rivers where the height t)f the roadway is at no great distance 
above the water, and where tlie foi’ee of the current admits, such 
.scafl\)lding may either be supported on piles or on lloating siqiports 
anchorc<l. In any such case, the framing ‘should he so designed in a 
.self-contained manner, of sejiarate Ifl'aced portions so laslied together 
that in the event of any smhhm rise of wa'toi’, oi^ approach of a 
storm, tRc lashings may be cut in a few minutes, the frames float off 
and he secured lower down stream. An anclior can also bo attaclied 
to each frame so as to catch it when cut adrifj^. ^ ^ 

Tu any case the erection of the abutment towers, piers, and 
4 *onstruction of the anchorages would have to preccdck other work. 
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jit 

Frilxmig. 


T(Mii])('i ary 
hndpro across 
■Jic cliusm. 


Olvusaa 


In the case of the Friliourg bridge, the ground directljr under the 
bridge was available for operations, though the height w^^s too great 
for scaffolding, l^i this case the cab^s were conveyed on a large 
drum GJ' in diameter to a spot below the bridge. Meantime scaf- 
folding* had been erected round each tower, and on the top of the 
scaffolding at each side wore fixed two windlasses, and a third wind- 
lass was ,ei‘ocle(^ in the line ofHhe bridge towards the anchorage. 
On, the axle of this a 1" hempen lopo, some 760' long was wound 
then passed with one or two turns oA cr the windlasses on the pier, 
and then secured to a lighter rope, the other extremity of which 
Avas fixed to a foui’th windlass 'hi the valley below at the position 
of the Cy drum. The same was done to tlie other end of the 
biidge. The ])osltion of the windlasses is indicated on Firj, 1, 

vhZ xn. 

TJie two extremities of the siisjionsion cable were then strongly 
sccnr(‘d at either side to the hempen cables, the AvindlasseS' set to 
Avork and gradually the whole of 'the cable AvaS avouikI off the drum. 
‘When this Avas done, the Avoikmeit at one side ceased operations, the 
one end Avas hauled oA'or tlie ]>ier, maijc fast temporai’ily and then 
the other oud hauled over the other pier, and made fast temporarily. 
The main cables Avero afterAvards ma'de fast permanently to the 
mooring cables. 

When the Avoih lias entirely to Jje carried out from one side or 
both, a temporary sus[)ensi<)u bridge is iiect^ssary. This should bo 
attached to scaffolding or staging resting on the main piers. To get 
it across in the first instance A'arions expedients have been adopted 
(boAv and arrow Avilh string, small mortar, etc.) Avhich need not here 
be giA^cii in detail, A light traveller which can be hauled back\yards 
and forwards, should be slung to the temporary Ayire rope, and by 
means of it the main cables can be go// over and fastened. 

After the main cables are over and adjusted there is less difliculty 
about the remain dei' of the structure, as the main cables form a base 
of operations for the rest of the work. It was by this means that 
the cables for the bridges over the Indus, ercctcfl by Captain Capper, 
Avere got into position, and it f^as by this means that the Clifton 
bridge Avas built up. ** 

At the Olvusaa liridge a -j" steel rope Avas stretched from the top 
of one pier to the bottom of the next, and a derrick of suitable 
Ic pg fh Avas erected ovey the centre of one pier. > The cable has one 
end attached to the anchorage, and a tackle Avas fastened to it some 
^50' back. It w^is then hoisted to position A {Fig* 154) and placed 

\ 
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in an S hooft riding on the rope. The length was hauled out by 
the winch U, arid the operation repeated till the cable wtts across, 
when the end was made fast to the anchorage on ^he far bank. A 
sling chain was then attached to tlie cable and it was" lifted into 
position on the quadrant. To enable the roadway to be built out, 
a platform, hung from the cables by the four cu uers, jind provided 
with tacJ[lo to raise or lower it to tl#. re^jiiired level, was used. 



Captain Capper mentions,* ///Y/v* (dfu, the following points about 
oi’ection : — • 

Get some temporary liridge over if possible. 

Always pub up an over bond wii*e. ' 

Have plenty of tmllcys and light rojie. 

Make up everything you can on sliore nnd lit it there. It is 
ditKcult to get men to Avork w(‘ll and <(uickly on a shaking platform. 


A1M*KM)IX 1. 

J^ROor that the curve of the cliainffin a. sns|)i'ri'>ioii i;-. a j)ai‘iil)ola. Let Proof rliat the 

the curve OVA {Ft’ij. 155) icpres(*nt half the span of a .suspi'iision (,able loailed * 
with a load /r per foot tun. Let u-the total span, and //-central dip or 
versed .sine. If half the briil^e be reinoMMl and tJie len.sion on the chain al ]>aridr. ila, 
lowest point be represented hy a force K, this h^n-cc will lx; lioi i/.ontal. 

Take the point () \^ here it acts, as tjje oii^nn of eo-oi-dinatcs, and let tJie 
ordinates of any point P on the curve he PI) -y, agd OD — a’, 'riicii taking 
niomonts^at P 

H <//. 


2K 

tv 


y 


Hvhicli is the eipiation to a parabola reforred to its veilex. 
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'faking moments at A the top of the towei*. 


H X ^ or H = (ii). 

^ H ^ Hd 

'^fhis I'eprnsents tlu' uniform horizontal stioss. Subatiluting this value of 11 
in f 1 ), >ve get 

ar 4f/.r- ,n\ 

• 

4*r ^ a- 

I'his gives us the* lengtli ot tlie suspension rotls to the tangent at the lo'iVesL 

] >01*11 1. • 

Tlie tension in the cable al anj' point 

KP 


= TI swe6? - H 


101 ) ’ 



Another proof is as follows: — 

'leaking the a.irlie not^cion as before, see tliat the are OP is kept irr 
ecpiilibimm liy three forces - 0 )» tension If at O ; (2), the weig\it of the 
roadway aivng Ol), /.r., irx ; and (3) the pull 4’’ on the chain at P, which is 
tangential to the curve at that point. These three forces arc parallel to the 
the triangle I'K I ), whence 

trj: __ PI ) 

~KI) ’ 
f 
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But I’T)”// anS KD = U', since tlie weight on OD is iiniforml}^ distributed, and 

thcM-efore the three forces H, ^rx and T must pass through tlie same point K. 
v 

Hence • y ^ 

fi ~ \a: ’ 

ir 

w hich is tlfc eijuation to a parabola, as aliove. 

I’roni P <lraw PN {f'lfj. 155) at ri^lit angle to PK, and OX at right angk's 
to DO. Then PK being drawn parallel to OI), the ti iangli* PKN is similar to 
and the three forces acting on Ol*are pro])()rtion<il to the sides of the 
triangle PKX. Then 

T:xir : : PE: IT): : PK : PK : : r eosee () r. 

Hence 'P - eose< (), ^ 

. ^ • 

where 0 - angle of inclination of the tangent to»the hoi i/ontal 
\Vhen ..>• - and // — d 



Since . PK 

:,P\. c, 

II- 1- I’N,* 

or the ttnision of the chain at any jioipt is (‘ jii.d t(» the line normal to th*o tan- 
gent at that })oint and intcr<x*pfcd by tin* a\is of the curve, multijilieil hy the 
unit ot weiglit on the eh.iin. It is (ms\ , theiefoie, to lind graplucally the 
tension at any point on the ehain. 

7\ppexd]x ir. 

To TKK M,^ ANJ> SlIIOAK IN StI I'KKMNl. ( dliDKRS. 

W'hkn the load is not uniform, the galile w ill tend to sw ing into a lUiW eurve, invc'stig.iticm? 
a leudeney wiiieh will he increased as the diji (/ iiici eases, and tlie tension H stiflening 
iliininislies, for we see from Eipiatiiui (2), Appendix I,, that If vaiies 
iin ersely as d. 

'^riie object of tlu! stitl'ening girder, iijion w hi<*|^ tlie load ]»rimard\ rests, is 
to distnlmtc the load uniformly upon, and therefore to ])ievent any deforma- 
tion of the cable. Under such eircinusl.itTces the stri'ss in the HUH])ension nxh 
IS constant from end to end. If the load is not iinilo'i?nl\ diT^tribiited on the 
cable the Jirdei* is not doing its work. 

Another asHuni])tion which will be tine wIumi the st illeniiig girdvr docs its 
work properly is that its deflection, if acting alone, would he considerable as 
<'onipare<l with the dolleclion of the cable \vhen*tho load is ilislriUj'te^], 
iinifonnly all over it. If, therefore, the cable does not appi ei iahly increase its 
<lip for the assumed dislrihutioii of the concentrated load, then the cable may 
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Tjc assumed to carry all the live load, while the girder merely serves to <lis- 
tribute it. 

The eondiLion of ef(uilibrium of the external forces acting Tipon the gir<lcr 
requires that the^ algebraic sum of the r vertical components, and of their 
moments shall -0. '^I'Jicso evtcrnal forces are, on eacli girder : — 

(1)., A uniform downward load of \p lbs. per foot over the distajicc :r 
-{Fig. 15(i), tliat distance IxMng supposed to be under the live load tat, half of 
which is borne by eac^li girder. 



(2) . A uniform ujiuaid indl o'* </ lbs. per foot from f ur?i cable o\ or the 
entire span. 

(3) .*l’lie two end react ions Ka and Hn. 

\Vc have as.sunied 1)V hvi)otlK*sis that },p:c ~qny or . 

2a 

« -• jh ' 

The i*.g. of ilio doAvnwai d foi-ees is -from H, a\ bile lire e.g. of the 

2a 2 

suspt'risioii chain and rods is at the oenti'c of the sj^an, z.r., from B. H<mei‘ 
as the u]»waid forces = do u iiward ones tlicy form a eouph; whose arm is ^ , 

and moment Tins eou])lo can only be balanced by anotJier (30U])le 

of the same moment, i f' , tin* end re.ietioiis, whose ai-m is a. 


lienee 


-I!,.., T("2“')- 


llen. e • + li.v - - Tv,, = (5). 

‘\a. 

, Having , found llnis the external for ecs which act upon the girder, we can 
investigate tlic maxima bending moments and shearing stresses. Since the end 
.JiijafY'.ons are bt>th positiv* «nd negative for difr3i‘erit loadings, the girrler must 
rest upon the piers and be (inrhored to them sufficiently to resist the maximum 
negative end shear or reaction, 

( 
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Investigation for Maxinutm Shear. 

Let the uiiif 4 rm passing load cover a distance from Jl — a;, and lot 2 be any 
tlistance from B, either greater or loss tlian x. ^ 

'^rheii when z is less than x the shcai ing stress at z, S • 

= -Ra + <?(«--)- 

Substituting 

^^for <7 15'. 

2a 2a \ 2 J 


Similarly, when 2 is greater than .r 


4a 


For a given load » we sW) that S is a ii^c^xiimiin whe n *. 

when z — a or = 0. 

Thus when 2--.r we liave, from 


... ..(ft). 

Xj and a minimum 


■s= •5'^'(a-.r). 

4a 

and XV hen z — aov — i) - 

Cx-a) 

4<f 




Now a-x is grea'LOi*, positi\ely, than x a. 

Heiice we see that tlie shear at the lie.ui of 1 lit* lead is always nuinei'ically 
e(|ual to, but of opyiosite sign from, tlie sliears at tla* e nds of tlie sjian. In the 

centre whentr — we liavc the greatest value of the she<ir. 

‘2 • 

Substituting in and the vrflue of a — , 




•('/)• 


Maximum Jirndimj 

When ^ is less than x — . 1 

^ (« - 2) + 

Substituting value of Ra — 


p{a~zr^_p{x-~^ 

4 


M,= ,a-.) .) ^ 


.(a). 
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'Similarly, when z is greater than x — 

f 

? - 4';’’ 4^ *''*• 


WhV'M - — .i’, we see that = aiul in (n) Mf is ]K)sitive, and in {h) it is 
negative, lienee fhr iKdfi 0/ fhu /oad is (tJira?/s a 2to{)ft 0/ coni rajlaxiirc. VVe 
have already learnt that tin; shear lan'i*, is always equal and ny)])esit'‘ to that at 
tin; two ends, luniee w ti see that hotli the loaihal and unloaded ]>ortions of thi‘ 
girder ean he titrated <ls a simple beam iinifornily loaded. Idiis leads us to 
eoneludii that tlie oeeurs at tlie middle j)art of the unloaded and of tlie 
loadi'd portions, tlie former negative and the latter positive. 


When 


and when 



• % 


a 'h .r 




Wxt 


(a-.r)“ 




(d). 


d'o find for ANhat position of the Jo, id is a ma\imum ^ve diU’ercntiate 

equation (e) - 

dMf }i.r *V^**“. p 

<lx fS l()<f 


lienee ... 

Similnily differentiating e(|ualion [d) we ha\e ® 

^ - (t~ — In.e I — 0, 
dx 

whmice x — \a f./'). 

I’hcrefore t he maximmn downward moment oeeurs at lh(‘ middlt‘ of the load 
wlien it extends o\ ei 7 of the span, and the maximum ujiward moment oejiirs 
at the middh* of the unloaded jtortion when the load ext end.s over of the sp.in. 
Inserting the nuiMmum x'alues of j: in equations (r) and (d) we find 


M 


lOS 


. (. 7 ) 


for both ujiward an<l ilownward moments. 

For a load iiei- foot acting on a simple trus.s a in length the Mji' woidd be 
/ja~ 

Mi ‘ 
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HiMire in tiRi suspension bridge the Aljf is about 4 of the Mfl-clue to the sanu* 
unit load acting on the same span unsupi^orted by the cable. 

The maximl^in sliears were found to be iV nr 1 what they woidtl be 

on siini>le trusses of the same Icngyi. Tlie and sheaijing stress diagrams 
arc as shown in Fhj. lo7 fi om calculations u oT-ked out })y Uol. A. Chinninghani, 
T?.l^. Practically they may be tcicen as uniform throughout, as stated 071 
page 108. 


^ G ^ C r. J3 



Fifj, 157. 



CHAPTEK VIII. 


Cantilever Bridles and Movarlk Bridles. 

CJ:intik‘Vcr.s. Use in ^Military Woi‘k. — Example. — Ikistniles.- -Swing Briclges.- 
1 )ra\\ bridges. - Floating Bridges. 

(’\N*Tii.KVKu In this chapter it is intended' to describe briefly the principles of 
].im*(;Ks. design of cantilever bridges, illnstiated by an example, and then 
shortly to mention without going into details various classes of 
movable bridges. ^ •>% 

’ Canfih^rer Jh'id^/es. 

The practical disadvantages of the shifting of the points of contra- 
flevuro in biidges of continuous beann* subject to passing loads has 
already been pointed out. This rnaj/ l)o met by inti'oducing a break 
in the continuity of the girder by a hinge or other form of connection, 
and thus mechanically fixing the points of contra-flexure. 

Thus in Fiy. IbS, wliicji represents a 3-span biidge, the ends A 
.ind C are .sup[)ortt‘d, or anchored, on hinged bearings, and there 
may lie hinges at Bl>', which cause the poj’tion BB' to be an indepen- 
dent girder suj)[)()rte(I on the cantilevers AK and CB'. 


JB' 



Fiij 158. 

To find the Mf diagram when the points BB' are settled, all that 
e need do is to draw the Mf diagram for the span DE as if it were 
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supported only, mark the positions of 15B' at hh\ join W and produce 
it both wayf. The ordinates above and below that line give the 
Mf values at all points. The v^ilucs of the Mf for vjirious loads, etc., 
will bo found from tlie principles given in Chapter IV., Part L, 
Cases 11 and 12. • 

This principle of cantilever design ,has been adoi)ted for many 
large l)rylges, the Forth IJrid^i^p, the Lansdovpie Bridge at 

Snkkur, etc. , 

Apart, however, from these colossal structures, which are of a clas.s 
bc3n3nd the ordinary designs likely to be earned out by those for 
whom this work is intended, the cantilever piinciple can l:>e applied 
under certain circumstances with gi'cat adxantage. 


In tlie Himalayas the inhabitants have long recognized the 
advantage of this ])rin#iple, aiid many of the native bridges are 
formed of logs of tiinbci* secun^lj'^ weighted at one end aniFcairying 
at the other the ends of a beam (/V/. IbD). The span is thus sub 
<<livided into three parts, tw<\.caiitilcVer> and a beam. 


Hiim:)].! \ :iM 




tat - 

W shouM ie>^ 

Mrr 


1YO 

F'kl IbJ). 


Bridges on this princ.i[)le have betni frc(pmntly constructed in 
mountain warfai-e, notably in tin* ivcent Cbitral Exjjcdition. {U..E, 
rrofr'isional 1(S90, Paj)cr VL). The limiting span in this 

cx])cdition Was L20 feet (/Vy. IGO). 
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The advantages of this form of bridge are that it can he rapidly 
made without skilled labour, and with the simplest ijiaterials and 
tools. The (Icflpction and ‘‘spriiig^’^ of the bridge, is Lhe chief 
disadvantage. I'his can be obviated by having wire ties, as in 
Fig. 161. 



AVjingtii 


The Wangtu Ih idgc over thoSuthjj {I'lalr XVI), desigjj(^d and built 
by Captain (now Colonel)^' lAng, HE., is a good iliustratio?i of this 
class of strucUiro a])pli(Ml to pernuiiient roads. Tlie s])a]i is 120', the- 
central })()itioii ladweeii tips of longest^ cantilevers being A 

Howe truss by deep is carried across this (h)cnirig, l)iit with a bear- 
ing of 4.V, and continued lo cither alnitrncnt. The cantilevers 
marked t! arc four in number, 15' projection. Those marked c arc 
five in number, 10' ])rojection. 

To find the stresses on this bridge we may assume that the weight 
per s(juarc foot of roadwa} was 10 lbs, (French rules give 41 lbs. for 
highway bridges remote* from town?^. In this ca.se, the region is in 
the heart of the Himalayas). With a roadway of 10' wide and 45'’ 
.span this gi^cs for eaeli tiuss 9,000 Ib.s. = AV. 


M,,.-. ^ -= 607,600 i,u;h-ll,«. 

8 8 *•* 


M, - md — r X 9" x 4"t x 66" — 237t)V. 


2:376r- 607,500. 


* J^oorh'C Treat isf, Vol. IJ., p. 21)6. 

t a — aj’oa of upper or coiupi'cssion ineiubcr of the ti iisy, i.e.^ 9"x 4". 

( 
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r^25G lbs. as the value of the coippressive stress per 
unit. Thisfis well within the limits of strength for deodar (37G0), 
and, in addition, it may hjj noted that the would, owing 

to the continuity of the girder, he rather less than , probably , 

8 ^10 

and the load \Vould seldom amount to ^10 Ihs. ]:)er S(|uare foot. 

Brace .% — The end reaction of each jj^irder { 15' span) being 4,500 lbs., 
the stress on each brace is 4,^500 x 1-411 (i.r., cosec 45') ^ G,350 1J)S. 

The scantling is 5" x 4", and length G'. Hence ratio of length to 
least dimension is 72:4 or 18 to 1. Hence I* — i (see p. 160, 

Part I.). 8350-= J 20 x /•, . '/v=^G.‘'-5, which is amply safe. 

Cantilevers d. — Fcwir of these carry 9,000 ]l)s., or each 2,250 lbs., 
and the length is 15' or 180"'. Hence Mfj — 180 x 2,250 ~ 405,000 
rl •, ' 

inch-lbs., = Mr — ~ , whTcn for round logs - *7851 li*^xr. Tubing a 

value of r at 1,200, li'* -= 430. Hence P ^ 7 05 , and diaTtioter -- 15-1", 
say 16". ^ 

Cantilevers \\ — Five of these cari'y the weight borne by the canti-* 
levers about 9' of roadway, be., 9,000 + 9 x 10 x 10 --- 12, GOO lbs., 
or each carries 2,520 lbs. Tiie length is 10'. Henc(5 - - 120 x 2,520 
■-=302,400 inch-lbs., whence It (calcnl;ite(l in tlic .same way as before) 

--=-6‘84. Make 1 4" diameter. 

In like manner the cantilevers l> and it would be calculated. 

The ends of the can+,ilcVers arc not only weighted, but anchored 
to the solid rock. 

Movable /b idijvs. 

These may be subdivided into 

II 

1. Bascule bridges. 

2. Swing bridges. 

3. DrjiAvbridgcs. 

4. Floating bridges. 

1. Bascule bridges are those which rci volte round a horizontal axis, Bascult'^. 
and may cither be lifted by a chaifii passing o\’cr a pulley, o)* con- 
structed with counterpoised weights, and woi'kiiig" by a rack and 
pinion. * The most notable instance of this class of bridge is the 
recently finished Tower Bridge in London, where therfc are two 
bascules spanning an opening of 200 feet. 

The lower member in such bridges may be arched so that tlie 
bridge when closed forms a complete braced arch,, hinged at the 

p2 


!M()\ :\l)le 

hi idj^cN. 
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S\vin^;r bridges, 
v.anoiib t> ixis. 


DrMwbridgi's. 


crown. Many drawbridges in fortifications arc on tlie bascule 
principle with counter-weights. (See Colonel Lewis’ Fopifi cation). 

2. Swhuf bridge^ are of several classes.* 

{a). Those which turn entirely on rollers or wheels. 

(6). /riiosc in which the weight is proportioned so as to be in part 
borne b}^ the rollers and in ])art by a centre pivot. 

(r). Those entirely swung on i centre pivot. 

(^/). Those which arc lifted on a water centre by hydraulic ])Owcr 
{('). Those that rest and turn on a water centre, having a constant 
upward pressure, but not sullicicnt to lift the whole weight. 

(/). Tliose where the weight is almost entirely buoyed up, having 
only a small portion resting o]i rollers. 

Whatever be the pivoting arrangements of a swing bridge as 
indicated above, there arc certain features ci)piinon to all classes. 

When not swinging, the movable ])art is evidently a. continuous 
girder over two e(|ual spans, or two large and one small centre span, 
'riie Mf diagram will then be somewhat^as shown in Fig. 1G2 for the 
dead load, or for a live load all o\er. When the bridge is swinging, 
the j\If diagram will be as shown in dotted lines. Some of the parts 
of the bridge near the circumference of the swinging circle will be 
under reversed sti-ess, and wbll, therefore, re(purc counter-bracing. 

The details of the machirnnydo not come within the scope of this 
work. 








Fitf. 162. 


In some cases swing bi'idges may be constructed wutli a short arm 
cou]iter-w'eighted instead of two arir 3 of e(pial kujgths. An instance 
of such a structure is described in Colonel Lewis’ Foi tijicatiou., 
Plate XXI. 

3. iJrawhridgcs. — 'rhese may be of the bascule class, as above 
mentioned, or may be frarcrszng, i.c,, moving backwards and forwards 
horizontally, a principle 'which has also been a])plied to large bridges 
in son:c recent instancer, t'.//., over the Dec at Hawarden in Cheshire. 


MinuteH of Prorrediiuj'^., Iiutitation of Cii^il Fmjiner^rHj Vol. VIL 
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There are many different types of drawbridges used in connection 
witli permi^cnt fortification described in Colonel Lewis' Pcrinnnnit 
Fortijicaiion.* For the most ^mrt these are suit|^d chiefly to the 
requirements of forts only, and are not of general utility. There is, 
however, one exception to this rule, and that is Lieut? (now 
Major-General Sir John) Ardagh's bridge. (See Plafr XVII.). 

This yevolvcs round a horizontal jiivot, yet it is not,of the ordinary 
bascule type, as there is no c<iuntcr-woight. The following descrip- 
tion is taken from a pa])er by the inventor in U.F. Vruf(!>«ional Papers^ 

18G8:— 

“The drawbridge now proposecr re<|nires ]U) counterpoises, and Sir .Jolm 
may be made twice the length of the old draw ))ridg('s witli the same ^ 

convenience. The bridge OX, when dowui, is 8Up])orted at the inner 
e.xtremity by two kc^s OO, which may he made self-acting, but 
which it is better (for military purposes) to work l>y hand, and at 
the outer extremity if* rests as usual on the standing [lart. At the 
[)oints B it is suppdrted l»^4:he tem^ion bars N'l>, winch have axes a1^ 

(iach cxtrcmTty. * 

“ When the bridge is raised it follows the motion indi(*ated in the 
diagram, where it is shown in an intermediate position, ,/y/, /f/, 

“ The point A rcpres(‘nts the centnj^f gyavity of the bridge moving 
on the horizontal line XX', a condition which ensui cs e(juili])rium in 
every position. * 

“ The point of sus})Cfi*oii B moves on the ciicuinfer(mce of the 
eii’cle, of which V is the centre, and VB the radius. 

“The points xy and x'y w'ill tlien be constrainotl to describe the 
curves shown in the diagram. 

“ In order to investigate the general problem, let it he assumed that 
the bridge (at a certain intermediate jiosition) makes an angle of 0" 
wn'th the horizontal, and thatHhe given rjuaiitities arc represented 
as follow^s : — 


AB a, V)A’y ^ h, Axy ^ r, B - /•, and \’0 =2^* 

y = r sin 0. 


sin 0 = - , 
c 


,r ^ (^[t -f c) cos 04- Jr--- (j* -}- a sin 0)-, 

I 

- ('» + + a/ f - (y> + 'j 



(!)• 


Then 
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And 


ij = - (a + Zj) sin 


sin </)= i- 


tt h 


x' ^ - h cos <1^+ J ?•- -{p + a sin 0)-, 


(2). 


“ The equations (1) and (2) are in a convenient form for calculation, 
and represent the curves shown. As the end xy moves in the air, 
we are oidy concerned to ascertain the path on which it is necessary 
to guide the inner extremity xy. 

“In the simplest form of l)ridgcs of this description, where the ^ 
centre of gravity })is(;cts tlic s})an, and the })oint of suspension meets 
the outer Extremity of the bridge when raised— 

K -\.l) = c ^ p^ (I ^ c r Jc-% If-. 

•Hence {r - a)- ^ h- — {n -fi")- - r-,"' 

or reducing r- - 2((c (t- — to- 2((c, 

r- - h/r and c 7 ia^py 
A -- and r fa/. 
u:h:(c :3:4:5. 

“ This makes the calculations exceedingly simple, for sul>stit\iting in 
equation (2) the v^mIik^s of tin* other constants in terms of a we have / 


(V -f- h/ 


- ■’ V' - ( 4»? + - (*“- fy ■ 


“In a span of 20 feet, a nill he — 2*5, and the equation takes the 
determinate form of 


ioo + - (■“ - i- 

which, for example, placiiis' the value of y' at — 6, will give ' 

a!'= _7-5 Vl5«-25 -lh2-ir5 

= +6±4-8= ±1-2 anfl±10-8. 

The co-ordinates of the four points on the curve to y— ±6. 
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“ All the calculations are ma4e in the same manner, and the curve 
may be set giit either from the values thus obtained, or geometrically, 
or mechanically. The inner extremit}^ of the bridge bears, through 
the intervention of trucks, on rails adjusted to the curve thus 
<le ter mined. ^ 

“When it is altogether closed, itsjippcr jjart occupies the exact 
position^ which would be required f^r a common drawbridge of half 
its span. ^ . 

“The force required to move it will be imircly that which is needed 
to overcome the friction of the axes at Y, 11 and O. 

“ The mode in which it is 2 >ropos<?l to ap[)ly the force is an integral 
part of the scheme. 

“A rail, DC, runs through a ring at D, and woiks on an axis at O 
attached to the standiyd and strut fixed ?)ii the la idge at this point, 
“A moment’s consideration will sliow'that wlicn the bndgo is up 
the strut AC will lie in the position OD : end that the axis, in 
travelling from O >o 1), ndl] (h. scribe a V(‘ry Mat curve, so that the 
rail may ruif tJirough the ring at i) with ease. * 

“It is proposed to aj)j)lyjbho force for moving the In-idge to this 
rail, the power in small bridges being diioet ni;inual leboiir, and in 
very large ones the rail beingUrawu ii^ by a niiieli and frietiou-whcel. 

“ The absolute weight required to move a veiy ronglily constructed 
model of the bridge, the ])IatfoT;m of which weighed (Jj lbs., was on 
an average -8 ounces, bejn?^ of tlio weigiit ])nt in motion. Any- 

one who lias seen the model will admit tlut the frioti(m of the fnll- 
sizod bridge is not likely -to be proportionately so gi eat ; and in the 
experiment rela-tod the force was applied to «>ne/ rail only. 

“The best ex])erimcnts on frictional i*(!sis(ance will giv'c a smaller 
result. Aloriu’s co-efficient for cast iron upon wrought is '07 and *08. 
Taking the larger, and bearing in mind that the lail moves through 
16 feet Avhile the bridge moves 10, the nece-bsarj pov. er would be - - 



1 0 X -08 
16 


•05, or 


“Tjct the bridge be assumed’ to vl^eigh 5,000 lbs. The force required 
to move it will be — -^416 ll)s., or — i250’ lbs., according 

to the different hypotheses, or from .six to four men — a number which 
would certainly be available to guard against contingencies. Gun- 
tackles may be provided to hook oti to thp eyes of the jjstils (or 
friction gear, as previously mentioned). One man on each side 
would then bo sufficient to raise .or lower the bridge. , 
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T (if tills 
bridge in forti 
tieatinn. 


c 

The middle rail will move in a similar manner, but need not be 
employed for the working of the bridge. 

■‘The rails CE, joining the fixed with the moving parts of the bridge, 
are of ij’on pipes,' fitting on studs, at c^ither end, the long studs being,, 
at E and the short ones at C, so that if the bridge bo clobod, howt^ver 
suddenly, those connecting rails will merely fall off their studs with- 
out interfering with its motion.^ 

“No particular dimensions are propo.scd for this kind of bridge, but 
■ it is suggested that 14 and 21 feet would be convenient limits, the 
former for sally-ports, tlie latter for large fortresses. They would 
then cover gateways, respectively" 7 and 12 feet liigli. Of such 
small span are many of the existing drawbridges, that it would seem 
desiralde, 'when any of the old platforms are renewed, to substitute 
bridges of this constructioii, wliicli iiiiglit be done at a very slight 
expense. 

“ 111 applying this principle to dock, river, and canal bridges; it will 
most frequently bo con\enicut to make thc"b]'Hlge in two parts^ 
camlicred in the centre, as shown -in the smaller se(‘tion jn the plate, 
where half the bridge is showui in an intermediate position. 

“ Tlie standards in these cases w’ill require to be but lialf the height 
neces.'sary for the ordinary lifting bridge, ami no counter-balancing 
w'eights arc I'equired -decideil advantages when th(} o])ening is in the 
middle of a long lightly-built l)ridg(r 

“ Here, perhaijs, it would be better to \ai^se the bridge l\y chains 
instead of by the rails CD, and to employ a second set of chains 
attached at 00 for low^cring it. 

“ It is important to obsei've that 0 is the best point to apply a force 
to move the bridge either in or out, better even than tlui centre of 
gravity A ; and that a force applied in the direction XY wmuld be 
not so etlectivc and much more troublesome.” 

As I’cgards the tension on suspending rod, it is evident that if the 
end X of the bridge be resting on a siqiport, and tlie end O be 
supj)orted on keys, the re-action K at B can be ascerttiined fi’om the 
consideration of the beam being contiiiuoUs^vcr two spans 01>, BX. 

If the beam be not bcaiing on a S';ppdrt at X, the case will be that 
of a beam stivained over a pier, as in Fit/. GO, p. 79, Part I. In 
either case, having found the re-action, the stress on the bar YB ia 
.Ut see <j)y where (p is the angle of inclination of the bar with the 
vertical. 

When the beam is in the position shown in Fir/. 3, (/> being the 
angle of BY with the vertical, or of AB with the horizontal, and W 
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the weight of the bridge, then the tension on BY-=iW cos </>. and 
the horizontal pressure against the wall at a:'// ^ 0* 

The pressures on the piers for such a bridge jvs that shown in 
Fif/, 5 arc easily ascertainecl by principles already considered 
under the heading of suspension bridges. 

This ingenious principle has not, so fg,r as tin; writer is aware, been 
apt)licd to bridges for docks, etc., apd yet tliere can be no doubt 
about its economy, botli as A'cgards its const riu liou and power 
rc(piired to open it. 

4. Floatbuj Jiridyes, — These call for little comment, as the sub- 
ject, which is so important from a militaiy ])oint fd view, is exhaus- 
tively treated in text-books on military bridges. ]<^i nm a jiernianent 
point of view these bridges have the advantage of cheapness ; but 
they are lialdc to be <^amaged by lloodsfare de[)endent cither on 
bottom anchorage, or on the attachment to a horizontal inooiing 
(table secured on both banks, and tiny impede navigation. 
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In jirevious cliaptiH’s avc have ilisciissoil \;\rions types of bridge 
sjtans in tinilKM* and iron, hut the suhj.Qct is not complete without 
some consideration of tlio design of pVr.s' of (hose materials!* 

Most of the infoimation in t!us chapter; has been derived from two 
standard works, A'iz : — ProfessoF Warren’s En(/})teenng'Condrucfi<in itt 
Iroiij St(rl, <inil Tinihet^ and Modern F^'anted Htiudurcr, by Professors 
Johnson, Dr\an, and Turnoaurc. In AiistiMli.i and America (for 
which countries tho.se books -m’c primarily written) timber pier.s are 
far more extensively used for railway bridges than they are in 
England, where, indeed, they aro now but sparingly employed. 
Even piers of iron and steel are less u^cd in England than some 
other countries, although there arc some notable exccptioiLs, e.g,, 
the main span piers of the Eorth Bridge, which are 360 feet higl/ 
Even where the piers are of iua.sonr 3 ^, th(‘v are built, in one case at 
least (the Tower Tb-idge;, on a skeleton of st(*el. Eor the most part, 
however, we have to go abroad to find the braced pier largely used 
in bridge construction. 

For military enginceis the .‘subject is of ‘great importance, l)ecause 
the temporary or semi-permanent bridge.s which have to 1)0 erected 
for military purposes arc more expeditiously made with braced piers 
than solid piers of masonry or concrete. 

Such piers as those which wt arc about to .consider may citlicr 
be borne on a foundation of ]>ilcs — the piles themselves Ijjoing con^ 
tinned, in some instances, above ground to form the standards of 
the trestles — or tlicy may b-' based on foundations of masonry, to 
which they are ancl\pred by means of bolts. Into the question of 
the design of such foundations it is not necessary to enter, as the 
subject has hoen already considered in Chapter XIII., Pa|?t I. 
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When the trestle is resting upon a ground sill carried b}'' a founda- 
tion of masonry, the sill should be above ground, and not covered 
with earth, so that decay may bfe delayed as long«Jis possible (see 
Fig. 168). 

Pile trestles rarely exceed 20' to 30' in height. If less than 10' 
high they do not require bracing. 

The j)rinciples of design of braced jners arc the same whether the TinnUM* 
material used be timber or irow, Imf the practice slighfly diflers — in 
that with timber the trestles are generally single, and are ])laced at 
intervals not usually exceeding 30 feet, whei'eas with iron or steel 
trestles, it is usual (though more fiiequently so in America than in 
Great Britain; to have them formed in towc'i.s of two trestles braced 
together, corresponding to the ‘‘four-legged trestle ” U‘>ed in military 
bri<lging. The diagonals in timber trestres arc dc'signed to act as 
struts, whereas with iron and steel trestles tlie <liagonals should be 
ealculatSd as ties. Fhe reason for this diHei-ence is on account of 
the material being better aclapted for «ach class of si i*('ss res[)ectivcly. 

It may hcr(?be mentioned that ca^t iron is not a suitable material (*'ast-iron 
for the construction of the t>ie;*s in such structincs. It is true that 
it is well adapted for the bearing of compr(‘ssion, but it is not Avell 
suited for the transverse stress that ,may he induced by lateral 
forces ; it is subject to hidden Haws, and the metluHl of fastening the 
<liagonals affords opportunit}' to unscrupulous niannfartuicis^ to put 
in bad work, and is, at, l«[*st, a soiu’ce of weakness. 'Fin' failure 
of the Tay Bridge in 1879 is an object lesion wliich will not be 
forgotten. There the co'linnns were snlUciontI\ strcnig to bear 
the vertical pressure of roadway and j)assing train., but W('n‘ hdl of 
Haws, cst)ecially at the joints, and thus, when subject to lateral wind 
pressure, gave way. 

Steel columns may noAvada^>As be built up in many forms, with Sti'd culunni'*. 
combinations of 11, chamud, T, and aiighi irons, Lindsay troughs, 
etc. Into these and the calculations involved it .s unnecessary here 
to enter. 'Pho broad princi}jlcs of the de^Mgn of columns have 
already been considered in Chapter IX., f. 

In all cases the external forces ?rhich bridge j)icrs have to resist 
arc: — (^i). The vortical weight of the roadway and ’passing loads. 

This weight will, of course, bo greater in the lower than in the ph smuo. 
upper tiers of the trestle, and in tall trestles (those over 20 'feet) tITe'~ 
increment of weight should be taken into account, (b). The literal 
force of the wind. This is assumed to act horizontally. Probably 
it will blow upwards at slight angle, and its verticiil component 
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will tend to neutralize the weight of the structure and to endanger 
itsstal)ilit 3 ^ “ The wind surface of a train is assumed to be 10' higli 
and the centre cOf pressure 7|- fedt above the rails. It is taken at 
.‘130 lbs. per foot of track for the train. The wind pressure on the 
girders is taken at 50 lbs. per square foot of surface exposed when 
the -span is unloadc<l, and 30 lbs. when the span is loaded, (c). 
Centiifngal force, acting whep the bridge is on a curve. The line 
of action is taken at 5 feet above rail bvel. 'J^ho amount depends on 
the weight of the train, the cui‘vature, and the velocity with which 
tile ti'oin is mo\ing. For a speed of 30 miles per hour the centri- 
fugal force is appimdmately bjier cent, of the weight of the train 
for eveiy degree of curvature. For speed ' of 40, 50, and 00 miles 
])er hour it is approximately 2, 3, and 4- per cent. Thus for a 
train weighing 4,000 lbs. per lineal foot of ti’ack moving at a rate of 
40 miles per hour on a 0 d(‘gree curve (05 r/ i-adius) the centrifugal 
foi’cc would be 4,000 x 0*02 x G - 4(S0 lbs. ])cr linear foot ot track.’' 

( Frofessor dohiison). , f 

Given these external forces, it is a matter of no gi'eat difficulty tu 
investigate the stability of any form^of liraccd sti’ucture which we 
may devise to resist them. 

1 In its simplest form, such a trestle,’ viewed in elevation transverse 

to the line of tlui railway, will consist 
of two uprights, generally constructed 
with a si iglvt ^batter, with a groundsill 
connecting the feet, and a capsill 
uniting the ’heads. Tt will be laterally 
braced by diagonals, and by horizontals 
at A^ertical intervals which diminish 
towards the lower i)arts of’ the trestle, 
and rcAducc the unsui)portcd length of 
the main struts, oi* columns. 

If the weight of the roadway and 
rolling load rej)re3cnted by W 
(Mf/. 163), then i W will be borne by 
each column, aiub if W.) be the 
weights of the trestle above each 
joint, and 6 be the angle which 
tl e inclined columns make with 
the vertical, the pressure which is 
brought to bear upon any column, apart from the effect of 
any lateral load, is (| AV-f + i ) The stress. 
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l^rought to hear upon any of the liori;5ontals b}'- the action of 
the vertical forces alone, apart from the cflcct of the wiiul or tlie 

centrifugal force, is expressed by J (W + W, + -f ) tan f). 

The diagonals are under no stress from the syTumetrical vertical 
load. ^ 

To ascertain the stresses produced^ by the lateral forces, the 
sirn[)lest j)lan perhaps is to consider tl^e c11(‘ct of the hori/outal forces 
alone on the structure, and to add these to the stressos*})roduced by 
the vertical forces, thus obtaining tlie maxiinuni pressiue from the 
consideration of the algebraical sum. 

If Pj be the horizontal wind pressifro upon tlie cai i iaues or trucks * 
IGl), Po be the horizontal 
wind pressure uj)Oii the girder, and 

//,, 'ji .2 he the winc^ pressure upon 

the trestle at the various joints, then 
the staliility of the stnjcturc as a ichnlr 
may bo ascertained by taking.momeuks 
of all the vertical and horizontal forf cs 
about the to(5 on tlio leewafd side. 

This will not, however, give ns the 
sti’esscs on any paiticnlar member, 
hence we must first find the horizotilal 
])]‘cssure ])roduce(l in the capsill Al> ]>y 
the action of the lateral jefrecs. This 
will evidently b(‘ P, + P., + the re- 
solved increment of the extra ju'cssurc. 
brought upon the inclined colnmns 
by* the action (»f these lateral forces 
— ,r tan 0, where .r^the vertical in- 
crement brought upon the l«eward 
side and taken from the windward 
side. Let a be tin; vertical distance 
of the point of application of P^ above 

Al>, b the vertical height of the point of apY>lication of P„ llicn 

• ^ 

* ./: X AH ^ P^ X a -t- JL xhj • • 



•or 




Let the stress thus found for AH, i.e., Pj -f P., i- tan fi, be 
^denoted by the symbol 1:1. Then laying off ll on an^'^scale of tons 
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wci may draw a stress diagram in the usual way, as in Fif/. 166,, 
which will give us the stresses in any of the members. These, 
added to those •already found as due to the vertical loads, give us 
the stresses due to the combined efrect of vertical and hoi'izontal 
forces. 

It is noteworthy tliat in Fi(j. 165 we have the external forces 
Pp etc., acting on hcHi of the u])rights. This is because the 
structure is wind action throughout. No account is taken 

of the slielter allorded ])y the members on the windward side. This 
can, Jiowevor, Ije allowed for in Fig. 1 66 ^by making ef luid less 
than ir and vn. There is no rj^action on the windward side of the 
aliutment when the lateral wind force only is considered. The total 

reactum on either side is gf (Fig. 166) + iOV + 4 - ). The legs 

should be tied together at the base, tl]e tension being = ?n^ 166).. 


Fig. 165. Fig. 166. 

From the stress diagram wc se i that the total,conjpression in GM 
is greater than the tension in NS, the latter being = compression in 
FK. So also compressioTi in EJ = tension in LR. 

* With the same system of bracing and wind on left the positive 
stress^in IjR now negative strSss in GM. In the diagonals and 
lio^izontal members tlie stresses are of equal amount, but reversed in 
nature. 
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If each bay were counterbraced as in Fig. 164, and the six 
<liagonals designed to resist tension only, the horizontal members 
would alwayS be in compression. If, however, only^one diagonal be 
in each bay, as in Fig. 165, fill the members wo^ild have tO be 
<lesigned to bear either class of stress. 

Details of Constrnrtirm. 

nfUst now consider tli^ detafis of oonstnictimi in various 
materials. In timber, the simplest form i.s that sliown in Fig. 167, 
Avhere there are two inclined struts, united at the up})er end by a 
capsill, with a horizontal piece tying 4heni together near the ground, 
and braced diagonally. Such a form as this suited when the 
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height is not great, and where then*, is only a narrow roadway 
above. If nsed with a wide platform tlicre > 4 ^) 111(1 he considerable 
tendency to deformation, owing to tl)() occc^itjic loadiiigof the struts 
and to the tendency to bend in«the jncrca.sed length of the diagonals, 
as well as a bending* moment in the capsill. lienee, U->r wider road- 
wa,ys, or at least one, vertical is given intornicdicao to the outer 
.struts, sec Fig. 168. The actual loading of thc.so struts i.s*indetm 
ininate, but it is probably sufficient if it is considered that the 
weight at each side is divided equally between tVo (if there ai* two) 
or uniformly among all^ if there are an odd luimber. 


J>etailsor 

tnvstk's. 
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Joints. 


The struts may either be of S(|uare(i logs or of round spars, adzed 

off where the diagonals cross. 

Where the weight is likely to 
come always at definite points 
on the capsill, as in the case of a 
railway, it is evidently best to 
bring the ends of the columns 
directly beneath those points, so 
as to avoid bending moments in 
tlie capsill and eccentricity of 
stress in the struts. 169, 

170, 171 show some of the 

standard trestles used in Ameri 
can railways. 

The (piestion of the best form 
of joint ])etween sti’Uts and 
capgill dcscrv'cs (;onsideratif)n. 
Mortise and tcnoiv in all cases is 
not satisfactory for permanent 
work, though it is good enough 
Fitj. 1 ()8. for temporary bridges. A form 

which is much used in America 
is shown in Fig. 172, where the horizontal 
piece hi) is mule double and the strut 
notch(‘d on both sides, the whole being 
secured by bolts. This form facilitates 
repairs. The longitudinals (sec Fig. 
172), which correspond to the bridging 
joists in an ordinary floor, should be 
cahailated as fixed beams uniformly 
loaded. They should not be notched, 
Fig. 169. thei efore, to the c;ipsills, and preferably 

they should bo formed of two or three 
deep baulks, separated from each other 
by washers or tubing and bolted together. ..By having two or 
more pieces in eacii joist they can -be made to reach over two oi- 
more spans and break joint. Where they terminate they should 
oe spliced by large packing blocks cc {Fig. 172), notchetl down over 
the ciipsill. 

Iron castings, or wrought j^lates, stamped or forged to fit the 
top of the verticals and the sides of the horizontals, and then spiked 





209 


on, are also used, and are very good, for by using tlicm all framing 
is dispensed with. 

Corbels of wood are frequently used at the top af the trestles to c^ 1 r])o].s or 
give greater bearing for the longitudinals, ^uid to reduce the span. pulIV”." 



K. 
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Where trussed boAUis are npt< used, ^)r ev(*n avIum o the longitudinals 
are strutted A’om below, corbels arcf not necessary. I'he shortening 
of the span clfected by their u^c is injonsidc'rablc, they furnish large 
surfaces for the penetration, of water and conse<pieut decay, and they 
arc a])t to rock on their l^earings and loose*) the joints. The 
bearing area of the eapsill and tlie stiengfli of the joists arc easily 
calculated, n.nd the advantages .of aiiy coi’bel aiTiingcuneut ^seldom 
-counterbalance their disj^l fantages. 



Where the bridge is high, economy demands tliat the trestles 
should be as far apart as possible. In American railways, where 
timl)cr trestles are used, 2o feet centres seem to l^e about the mq^cimum 
span. In road bridges this distance may be considerably increased. 
'The Huitoo Bridge (FlateY.) has the piers 40 feet G iiiehes apart. 

P 
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Tmnsvcrse 

diagonals. 


Longitudinal 

bracing. 


Transverse Diagmmls , — These are very important parts of the 
structure, as their function is the resistance of possible deformation 
caused by lateral forces of whatever kind. On low trestles, those 
loss than 20 feet high, these lateral forces would be the lateral vibration 
of pajssing loads, as wind could have but little effect so close to the 
ground ; but with trestles. of greater height than the abo\e, there is 
no doubt that the wind pressure will be the most important of the 
lateral forces involved. The diagonals arc frequently planks spiked 
on to the outside of the trestle, but Professor Johnson has pointed 
out that this method of fastening is both unscientific and ineflicient, 
because of the small bearing ai oa of the spikes and their tendency 
to bond under transverse st-ress. It would Ijc well, if it were possibloy 
to put the diagonals between the U])riglits in the pU*ne of the trestle, 
but it is seldom possible to do so, because of otjmr timbers which come 
in the way. Hence the diat^onals must be fastenu/l at the sides in 
most cases, but, iu order to give as large a ])egring as possible, it is^ 
advisable to fasten them with largo woiwleji trenails, say 1.1 inches in 
diameter, turned to inch l.irger than the inteiulcd hhle. 

High trestles should be divided into panels or tiers, and diagonals- 
introduced in eaeli. 

LongUtuUnal —In timber cbiistrnction it is necessary 

to provide longitudinal bracing. Th(i.sc sbonld be ai*j“anged im 
the ca.ie of iron or steel y>icrs 'to unite the ])airs of trestles- 
forming a tower or j)ier. Hori/.ont.il witling pieces alone arc not 
sufficient. 

Ill road bridges these are not of ([uite so much iniportance as the}' 
are iu the case of railway bridges, because in tlui latter there is an 
enormous longitudinal pull caused by tlnj re action of the rails against 
passing trains, and a still greater contriry pull when the train has 
the bi’akes on. These niusl be resisted by longitudinal bracing, and 
this can be introduced in the direct line ot tlie ]>i‘idgc, alternately 
from capsill to groundsill. They should, tlicrtJore, not he spiked on 
outside, as mFig. 173, out be as in Figs. 1 7 1, 177). Professor Johnson, 
remarks, “to omit them altogether, as is so (Jtendone, even iu high 
trestle work, is sim])ly criminal.” 

Where the trestle is more than 40 or 50 feet high there are variou.s 
Avays of effecting the vertical joints. They may citlior be constructed 
in tiers set one on the top of a. .other, with an air space between the 
sills, eificept under the posts, Avhere seasoned oak l)caring planks are 
carefully framed in, or they may- abut ; or ca.st-iron slioes may be- 
made to fit bath above and below. 
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As regards the decking of wooden railway bridges, the American Deckin^f of 
custom is to^use 8" x 8" cross sleepers, spaced 16" centre to centre, briagos. 
thus leaving 8" space, which acjmits air to all sidcs^of the sleeper, 
d’his is an obvious •advantage, and there is also the advantage that 
the spacing allows ashes from the engine to fall through. »For 
railway work barrels of water should be placed at intervals to 
(jxtingiiisji fires from sparks falling sleepers, whicjj are usually 
very inflammable owing to theVreosote treatment. 




Fig^ 


■ BoKSy Spikes, etc . — Experiments made in America sliow that Smooth Fast«‘nii)-s. 
bolts have a greater grip than jagged ones. The Jioldiiig i^ower 
greater after the bolts have been in for some time than it is imme- 
diately after driving, a ^act which corresponds with the strength of 
piles (see p. 297, Part L). The ultimate resistance of a bolt in “ soft ” 
timber may be taken at 10,000 lbs. per lineal foot ft>r a 1" bolt. 

r^2 • 
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Screw-bolts have a resistance 50 per cent, greater than plain round 
bolts. ^ 

Where two surfaces of timber toijch they should be j)ainted with 

white lead or tar, and the 
bolts should be coated with 
white lead and linseed oil, hot 
or cold tar. 

With iron ])icrs, the diago- 
nals should be tension l)ars 
made fast by pin and link 
connections to gusset plates 
(or some such device), on tlie 
verticals "d the trestles 
Meanv should be ])i‘ovided 
f»5r tightening tliesc up if 
necessary. 

As the cost of the piers 
increases rapidly with the 
height, it is necessary to use longer spans with high piers than 
would he rccpiired with low ones. 

Hie trestles should be designed to be stable against lateral prcssni’e 
without the necessity of anchorages. This obviates the necessity of 
much masonry at the bases of the piers and long anclior holts 
connecting the piers with the masonry. ^ o 

The batter of the columns vai-ies from 1 J to 5 inches to the foot. If 
the bridge he on a curve, the outer columns should be given greater 
batter than the iniiei- ones. At the foot of the column thci’c should 
be a sole-plate, generally a horizontal plate j)laned to a smooth 
surface, and fastciuMl by angles to the columns.^ It rests on a hed-jdatc 
bolted to the masonry, the ai-ea of 'which is sufficient to distribute 
the pressure without exceeding safe limits of the available strength 
of the masonry. 

The holes for the bolts should be slotted in the sole-plate, so as to 
allow' it to slide uj)on the bed plate. 



CHAPTER. X. 

f 


Akches and Domes. 

• 

DilHcultios attciulirig Investigation. — Deiinition of 'JVriiis. I*;iral>olii- 
'riieof v. — Pi-inciplcs of Wo<lg<5. Lint' of Resistant e.— St lu fllcr's Tluitn y. 
Example. Abutments. — Domes. ^ 

Ai;mnU(;ri musomy liave been successfully Irtiilt for 

centuries — ^iudoed, thc^ origin of this form of construction is lost in 
jintiquity — the principles of ^their design are still V(‘iy iinptafcctly 
IvTiown. • • 

At iii’st it M'ould appear that the same [irinciples which have been 
ajiplied to any other form structure sfianniug an ofiening might 
he applied to the case of tliis jiarticular method of solving the 
general problem. Where the spa?i, the ifiethod of living, and the 
loads arc known, we have no djllicnlty in ascertaining the hcmling 
moments produced iu t^iOf span as a bob', and it luight’at lirst 
sight ho sufiposed that to arrange the coiislj-uctiim of the masonry 
arch ill such a way as to re.si.st exactly the variations in the 
ascertained Moments of Flexure ought not to ]»e a matter of any 
ditliculty, 

It has been pointed out in Chapter A^I., when treating (.)f arched 
ribs, that if an archefl rib of aiyy given form he sulijou^t- to any^ given 
loads, the Mf curve for th^jse loads can he dra wn Avith ordinates corres- 
ponding ill proportion to the rise of th(? given .ircli, and that tiic Mf at 
any point produced by the loads can hemeas«»'red from tlio difFercnce 
of the two curves. It would at first sight^ippear that this procedure 
ought to he applicable to the i»vestigation of arches of any given 
material and form. Whatever the given form*of tlie arclc may be, 
there must be some arrangement of the loads which would give a 
Mf diagram closely corresponding to that form, and It Avdhld 
apparently not be difficult to arrange tliat^tho actual i]joments 
j)rodnced in the curved arch ring should be met by the design of the 
ring and the materials employed, much in the same way as the 
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bending moment in a wall produced by the’ action of lateral forces 
is met by the arrangement of the Aiaterial (see pp. 298 — 32 1 , Part I. ). 

Unfortunately, there is an initial flaw in this reasoning, which in 
most cases rerfders accuracy impossible. We, have begun by 
assuming (i.) that the external forces acting on the arch ring are 
known ; and (ii.) that the method of fixing is known. In most cases 
neither of these assumptions is justified. 

. As regards (i.), if the arch were supporting a fluid, there would be 
no difficulty. If it were supporting weights that were transmitted 
to it by , vertical walls, there would be comparatively little 
uncertainty. Hut as it usually v^upports a covering of earth, with a 
roadway above, subject to the weights of passing traffic which are 
transmitted to the arch ring with a greater or less distribution 
according to the nature* of the intervening material, the actual 
loading fnust b(‘ largely a matter of coniccture. 

As regards (ii.), it is evident that in ordinary cases the fixing 
must ])roduce at least as much /jom plication as wo have seen it does 
in the case of arched ribs of met>d fixed at the. ends. 

It is true that both the limitations just mentioned have liecn 
overcome in practice. For example, in. a concrete arch 164' span, 
16' 5" rise, construeted recently over £he Danube at Mundorkingen, 
the arch is hinged both at the abutments and at the crown, whereby 
the difficulty about fixing is overcome, and the weight is transmitted 
by means of vertical s])andril walls running parallel to the lino of the 
bridge.* This arch was designed to bear a distributed load of 82 lbs. 
per foot super -f the dead weight of arch ring and roadvva}', etc. The 
spandril walls brought the weight on known points. 

Arches have been designed in the United Kingdom on the 
principle of the inverted suspension bridge. The procedure is, to 
lay out on a vertical board, to scale^ the span and rise of a given 
arch, then suspcml from hooks, which denote on the hoard the ends 


of the span, a chain whose links correspond in weight to the weights 
of the proposed arch ring and its superincumbent load, with extra 
lin'ks, capable of being attached at any part, whoso weights similarly 
correspond to the weights of passii g 16ads. The, cuiwes assumed by 
the chain in the various positions, due to the application of the 
passing load at various points, are carefully marked on the vertical 
^TTo^rd, and the arch ring is then losigned so as to include within 
the cciV^^re third of itj? thickness all possible j)Ositioris of the load. 


* 8 co Miniita^ 0/ Proreedinys^ ImtiUdioiL of CWd Euyineera, Vol. CXIX. 

• f 
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This method is practical, hut it could only be strictly applicable to a 
case such as that of the Munderlcingen bridge, where the ends wet*e 
hinged, the^ weights vertical, and (an important ^point) where the 
arch ring was thqroughly boncled together. • 

Such an arch would, in elevation, be of a curve nearly correspond- 
ing to a parabola. The horizontal stress T1 in it would be fiearly ^ 
uniform, and the ‘thrust on the abutments would be H sec 0, or 

sec 0, as in the suspension hridge. This thrust may be approti- 
Sd 

matelj taken as acting in most arches at a point on tlie joint of 
the thickness from the springing. • 

This nicth^Dd, however, would oidy be approximately correct, and 
some other method of investigation is desirable. 


Value of abut- 
ment thrust. 


]Jk‘[fintti(in iff Ti^niis, 

Before going furtlier into the general theory on tlie subject it is Definition of 
necessary tQ define the teVjns nsed^in tlic description of aivhos. • 

The 'wedge-shapod stones or ])ricl\s of w'hich the arch is built are Voussoirs, 
called vousmrs. 

The interior or concave surface of the arch as a whole is called Soffit, 
the soffit. • • 

In the section of an arch, as shown on Fig. 170, tlie inner line is Intnidos and 
called the intrados, the outer line the rxirados. j‘\tiados. 



Fig. 176. 
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Where the arch begins (A, C, Fiij. 176), the point is called the 
sprinffim/, the highest point (II) being the crown. These may be 
I'ef erred either to. the intrados or extrados. 

At the sides tlibre is an indefinite part of the arch called the haunch. 

The inclined surface of the abutment at the springing against 
whiefe the arch rests is called the ^ihuvhach‘. 

Fpiuilrils are the })arts of tlic ^structure between the extrado;- and 
the roadway. •' * r 

Other terms, sucli as aluitment, skew arch, groined arcli, etc., are 
probably already familiar. 

Theory. 

It may assist i?i tin* mHl<M>.taiKliiii( of Hit* arch pnru ’plo if wo ooii.sidor first 
the acti(»n of tlie A\cdg(‘.* 

Let ATICJ(/w 7. 177) represent a w(*<lLje of liar«l material driveii hetwocn two 
solids })y force V. I^et the angle BAG- Tno W(‘dgc will he kejit in 
('(juilil)rinm hy tlie r(*actions U and K.', and hy^die force B (neglecting for the 
firescnt the fi ietioii (*\erle(l hy the sides). 'I'lie direetion of It and B' will lie 
at right angles to BA, AG. Brodueu, B and B/ to meiJt {-‘t a, and (*oniplete the 
'parallelogram of foiees. di awing (id oix.any scale — i\ • 

Th(*ii B*P.: ah ;m/, 

::AB:IiG, 

::Ar>:iBI). 


iJ Bl) *Jsinf) 


( 1 .). 


Now if We include* the efleet of frietwui along t l^ei)l<in(*s A Band A( I, we know 
f!'<un the piinei])les 7)f statics Uiat F tin* total 
triction-- B. tan a where (i is the* angle of repose 
ot the material (see p. Bart 1.). In the 

ease of stone a\ ithoiit mort.ir a = hence 
tan o — *0.5. With fresli mortar « — 37“ and 
tan « - '7.5. (This pro\es that whei*. an arcli is 
built of stone it will reiuiire no su[>port from 
the eenterinj^ until tlie joints make an angle 
of 37^ with tlie hoi'izontal). Gall tan 
then F---/dL On Fit/. 177 draAV he--¥ on the 
same scale that ar/--B, and draw /{/’parallel 
fo AI). 'Pile hf represimts the resolved part 
of F that is dp’cctly opposed to the force B on 
(uch side <if the wedge. 

'File total force (j that friction opxiosea to B is measured by 



2/i/’-^2 N he X 2he cos 2Fcos 0^^2p\i cos f/, 
he 

wliicli from e(iuation (i.i . 

(”• 


Baiitly taken fnirn Tarn’s Mcehanie^ rtf Arch iter tn 
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The forces acting on tlie wedge now become the reactions R and R' 

and the cHect of friction on 
llie si<los, /^H•and /*R'. The 
fri( tioii on the sides opposes 
the force I* in pushftig in the 
uedge, hut it opposes any 
attempt in tlie opposite direc- 
tion to withdraw it. So long 
as is ^n'ater than P, the 
wedge will not be ymshed 
hacU\Nards !>> tlie reactions 
It and R/ after the y^ressurc J* 
is removed. 

Ajiplving this to the ease 
<»f an arch built of Noussoirs, 

M'hieh radiate towards a com- 
mon (centre: — Take any (|jie of 
these lilPIi {Fhj. ITS). Noa\ , • 
wbatevch' lie the magiptude 
and dii’oetioii of tl^e load 
coming on the^extrados PM it 
IS* certain that there will be 
sonu* part of it 1* which, i e- 
solved in the directum of lJu‘« 

radius JO, temhs to diive tin; w tslge m. If w o know' llie \ e tieal fmee actin^j 
on the surface PE, we can lind P for V=)) sm0,«snue 



sin <f> 


dh P 


w here 0 IS tlie angle; wliieli JO makes with the hoii/ontal. 
Now' from (‘(juation (li.)-- 

(^) - ^ip cot 0-~ fip sin 0 e ot () 


(ill. ), 


and tin* ^ous^oll w ill renuiui in its place as long as the seilicul comjionents of 
P I IP are less tlian P,^ 

W'iien a lioii/ontal r()a(lwa\ is horiu' h\ an arch wliu h is eilhe) a simii -circle; 
or a segmeTit of a eir<;le, ?ind llierefeire lias a coiistain value e>f (), as0 
apjiroaedies IMP sin0gets greater. When 0 licee^me.s V'l v ‘>ina]l, / e., fr<»in the* 
hanne lies downwards, the; value* of rapielly <limin*vhe*s milc.ss w c increase 
He‘ne*e in sue*h arches it is nceessai^y to adel to t^e* we*ighl em tin* haniielies, so 
as te) prevemt hulure by the inere*n^eel reaction. 

If instejad of addiiTg external w'ei^it we make* tJi^* t iirve Halter at the 
liiiniiehe.';^ we iiu;rease the value of 0 and eU'creaso that of J at tliose; ^larts, and 
in so eloing ine*roase both sin 0 ami eot J. 'riius in /V//. 17H tin; arch is maele on 
three centres (tw’o ejf which areslmwn), so a.s tei afiproximate* the para*l»ohe feTi in. 
^riie tw e) eui ves louedi at the jennt RIP. The value of 0 for the voussoir *1 is 4S^,- 
whereas if the c;iirvatiire*from thce-reiwn had been boiitinueel it wei^ld haM; 
been 4(P. Tlie value of 0 for voussoir .‘1 is ri4", ami is hi"', wiiereas 0 foi’ 
\ oussoirs 4 is ‘2°. • • 


(Hreular st*” - 
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Taking the value of p aa the aame in both cases (really in practice it would 
bo grcatdr in voussoir 4 than in 3), and substituting in equation (iii.) values 
of p (for stone and fresh mortar) sin 0 , and cot 0^ we have — ^ ( 

For voussoir 3-r. P + Q — p x *309 4- -809 x 8*7 = 6*079 p. 

For voussoir 4— P -I Q x *743 4- *75/> x *74 x 28*6 ■;= 16*66 p. 

If 'the circular form Iiad been continued 0 would have been = 4P, and P4-Q 
would tlien have been =4*88 p. 

8o that by ^Ibiltcning the archt at the^ haunches we have considerably 

increased its stability, 
without going to the ex- 
pense of adding external 
weight. 

This is a corroboration 
of tile view alluded to 
above, tlu.t the economic 
<form of an arch under 
equal, vertical loads 
ajiproxi mates the para- 

^riie que^stion, liowevcr, 
will naturally follow.^ * 
Even awSHuming we do 
know the vertical loads 
coming on each voussoir, 
how can one tell at what 
point the flattening of the 
curve should begin, and 
what degree of cur vatu rt) 
should be given ? 

This question is one to 
whicli no direct answer can 
be given. It is evident 
179. that, unless Hie arch bo so 

designed, either purposely 
' or foi-tuitously, so that 

the pressure of external loads produces uniformly distributed compression at 
every joint (an ideal state oi allairs, the converse of a suspension bridge), in 
most cases there 'will be .gi joint where the bending moment produced in the 
arch ring is a maximum. This joint is c lied the “ joint of rupture.” It is 
also defined as the joint af which there is the greatest tendency to open at the 
extradoH, since the effect of the niaxim^.fln bending moment will be to crush the 
masonry pt one sKle (the intrados'i ami open it at the othci* side, as in Fi(j. 274, 
p. 303, Part I. ' ’ 

Professi'r Rankinc {AppHed ^n^.chauics, pp. 199 — 204) has investigated this 
subject from a mathematic.al standpoint with the. thoroughness of research of 
which was master. ,Into these investigations it is not intended here to 
enter, espei ially as the deterraiiiation of the point can only be found by 
approximation. ^ 
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Practically we* see that a segmental arch tends to fail by sinking at the Joint of rup- 
crown and opening ont at 
the bannchesi as shown in 
Fi(j. 180, and that to pre- 
vent this, masonry jDacking 
dr loading is generally in- 
troduced as far as the joint 
of rupture. This joint lies 
where the radius makes an 
angle (0) of from f35“ to 45“ 
with the horizontal. 

Professor Rankirie gives 
the following graphic in- 
vestigation for finding the 
point of 1 ‘iiptiirc and angle 
of rupture, w'liich has 
already been alluded to^on 
p. 207, Part 1. : — 

Let C be* any point in a loaded arch {Flg> 1^1 )» and let tlic vertical lino oh 
{Fig, 182) represent a scale of loads, taking oh — V to represent the vi'rtical loml 
supported on the arc AC. l*>ratv or parallel to the tangent at (*, and Ihrougf^ 
h draw he horizontal, cutting or in r. ^f)raw several similar lines or', or"f etc., 
jjarallel to the tangents to the rib at Vtlrions points, nnd the corresponding 
horiz mtal lines AV/, etc., repr^esenting the horizontal thrusts. 'Dirough the 
points a, c, c', etc., thus found di^iw a curve. 'I’Jie point d in tliat curve wine’ll 
is furthest from the load line will indiifite ^lio point m licie the horizontal 
tFirust is a nia\iinnni. Join odj and find the point in the arcs wluno the tangent 
is parallel to od; this is the “poiiif of rupture,’' and tlie “angle of, rupture’' 
is the angle doa. t • 


ture m seg- 
mental arch. 



Fig. 180. 
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Line of Femtance of the Arch 
Although arches of a parabolic form are theoretically more stable Line < 


than those of a circular form, yet, inas^iuch as the^ latter arc more 
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common and are easier to construct, we must devote attention to- 
their stability. Our investigation, so far, has only brought us to 
recognise that in ,an arch, cither a semi-circle or approacliing a semi- 
circle, pressure Trom without on tire haunches, is necessary to 
))reservo ecpiilibrium, and that at some point between 35" and 45' 
from the horizontal there will be the greatest tendency for the arch 
to break. 

. Wc might have arrived at a some\v<‘iat similar result if we had 
considered the arch as .an inverted chain. If we have a chain loaded 

with weights corres})ond- 
ing to the vcrt-ical weights 
on voussoirs, their ends 
terminating on a hori- 
zontal line, corresponding 
to the roadway in a. 
bridge, we have seen, in 
Chapter VII., that the 
n; it lira I curvt: the chain 
would assume would bo 
very nearly a parabola 
{Fill- 183). To make that 
cui’ve circular we must 
apply extra weights at V 
and D (Fif/, 1(^3). Conversely in ^he Jivular arch we have to 
apply weights at tlie haunches. 

If we consider the voussoirs to be made with curved surfaces 

which will assume 
various jiositioiis 
under various loads, 
we call sec that the 
line joining the points 
of contact of the stones 
will coi’respond e^suictl}" 
to the inverted curve 
of a, suspension bridge 
chain (un stiffened) 
(Fi(/s. 184 and 185). 
This curve is the Line 
of Itcsi stance. 

The Line of Resistance in any masonry structure has been 
defined on p. 299, Part L. It is the line which joins the points 
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-where, in a succession of joints, the line of the resultant of all the 
forces acting on the 
masonry above each of 
the joints in succession 
€*uts the joints {Fig. 

270, p. 300, Part I.). 

In an arch the investi- 
gation is generally 
carriotl out with re- 
ference to a series of 
voussoirs. greater 
the number .of the 

N « 

voussoirs, and tlie conse([uent number of joints, the more m^arly 
will tlie Line of Pc^istance approach a•cur^(^ and the greater the 
accnrac)^ * * 

To obtain a clear i/lea of what is meant l)y the Line of Resistance, KNami^lenf 
let us suppose that tlie liiilf,a]Th xn^Fig. ISG is constrnet<ul of fom* t/uiMViJ, 




voussoirs, and that the resistance of the right-liand poi;tion of the 
arch 13 replaced by the force T, whose inagnituc^e, direction, and 
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point of application are assumed to be known. Let the resultant 
pressures acting on the voussoirs (including the weight of the stone) 
be Pj, Pg, Pjj, P4. r The voussoir 1 is held in equilibrium by the 
forces T and Pj Jind a resultant Ilj acting at the point Xj in the 
joint between 1 and 2. is found by drawing ah and ac to 

represent T and P^ and by completing the parallelogram forces, so 
that ad re])re.sents and the position of its action is found by 
producing ad. ' 'Similarly voussoir 2 is held in equilibrium by P2, 
and K,, the last of which is found similarly to act at X.,. In like 
maimer the points X.. and X^ are found. The lino joining X., X.., 
Xo, Xp etc., is the Line of Resistance. 

It is clear, Jiowcver, that the accurate deterrainatirii of the above 
depends on the accuracy with which we can fix the external forces 
Pp Po, etc., and also the value, direction, and jiositiori of the 
horizontal force T. These matters will be subsequently investigated. 
At present we assume that tlie external foices zA, least are known in 
magnitude, direction, and point <i'f ai)plication. 

’ If the arch ring be so designed’ that the Line of Resistance lies 
everywhere within the limits of the ring, every voussoir will ho safe 
against oeerluni lag. 

If the position of the Line of Resistance with reference to any 
joint, nnd the amount of the normal resultant pressure on that joint, 
he known, it is possible to asc.crtain (on the principles explained on 
pp. ’>01 — .‘>05, I’art I.) whether the arch is’^sefe against crushing and 
opening at the joints. 

If the direction of tlie resultant pressure lie known at every joint 
and C()nq)ar(*(l Avith the direction of the joint, it is possible to 
ascertain whether the arch is soje against sliding at that joint. 

Thus if Ave can accurately fix the Lino of Resistance in an arch 
ring of any given form, avc can investigate without difticulty, Avith 
reference to each joint, the three conditions of stability, viz., against 
(i.), OAxrturuing; (li.), crushing; (iii.), sliding (sec pp. 298 — 806^ 
l^irt L). 

It Avill he observed that Avhile the stability of the arch against 
overturning and against crushing are dependent on the same con - 
ditions, the stability against sliding is dependent only <'!i the 
direction given to the joint.'=i- ^'^d any possibility that there may be 
of one A^oiissoir sliding on anotliet* may bo met by alteration in that 
direction, 

We have, therefore, in order to investigate the conditions of 
stability, first to assume ihe^farrm of our arch, either copying soma 
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existing arch, or working by formulie such as those of Trautwine (see 
pp. 323 — 325, Part I.), or guided by such investigation a% we have 
considered a^oye in connection with the wedge thet>ry and joint of 
rupture. Our ne:^t step is to apply to the given arCh the rules for 
ascertaining the Line of Eesistance, and if this, does not lie within 
the limits of the arch ring, the depth of^thc VMUssoirs must either be 
altered, or the form of the curvature changed. 

As regards the limits of the^jine of Resistance, l’rof(!fesor Ranldne Limits sboulcl 
has suggested that it should not lie anywhere outside the centre tniUialf 
third of the ring, and that although ^‘arches have stood, and still 
stand, in w^^ch the centres of resistj^xnce of joints fall beyond the 
middle third ^^e depth of the arch riiig; but llie stability of such 
arches is either now precarious, or must have been precarious when 
the mortar was frosii/’^' Sir IjOTijamin BITker, liowever, has stated,! ' 
with reference to this, that Considering that at least 90 \)cr cent, 
of all the arches in the kingdom were necessarily in that condition, 
it was very im[)ortaiftt that^scune protijst should be niad(‘ against such 
an infereuce*fi*om a theory which#cven Professor Ivankino himself* 
did not accept in otlier niasgnry ’vn)i‘ks.’’ We may, therefore, bo 
justified if we extend the limit to the central half of tlio <u*ch ring. 

This is JDi*. Schefher s limit. 

As regards the limit of the maximum ]fi‘essin‘(^ it is customary to 
allow a factor of safety of 10, the maxiniiiin intensity of ^^ressure 
on any joint shall not ej^^c*ed the ultimate crushing strength of 
the stone masonry, concrete, or briclcAVoi k of which tlui arch rijig is 
built. 


Open joints in the extrados of an arch are e‘<[)ecially to l)e guarded Open .foints ii> 
against, as ^ they may admit water, which may fn^eze, causing 
increased internal stresses. Fur this reason the extrados should ho against, 
covered with a layer*of asphallwj or cement. 


. Princlj)lc of Least Ilo^i^faior. 

We see from Fiy. 186 that if the position of tlie crown thrust T l^iiicipb* of 
be altered, the Line of Rosisjance will iio*Ionger be that shown, but 
may diflei* from it tonsiderably aflcl yet lie witljin tlie limits of the 
arch ri»g. Thus if we take difiereiit values and ])usitioiis ft)r T (the 
horizontal thrust) we may draw an ii number of Lipes o^Re- 
sistance, each consistent with equilibrium.- The question then 

• • • / 

' * Civil Fiojine.eriiuj^ p. 417. * 

t Mimtts of Proceedings, Institution of Civil Engincir.<, Vpl. CXV., p. 
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arises, which of all these is coi-rect. The theory which is most 
usually adopted by engineers is that which is known as the 
lh*inciplc of T^east licsistance, or least horizontal 'uhrust ; it is 
l)ased on the following ])rinciple, firsb proposed by Canon Mosedey, 
and afterwai ds elaborated by Dr. Sclielller : — 

“If the forces which balance each otlier in or upon a given body 
or structure 1)C distinguislicd into two systems, called respectively 
;j.ctivc and par^ivc, tlien will the passive forces be the Ica^t which 
aie ca[)able of balancing the active forces consistently with the 
physicial conditions of the body or structure.” Assuming, tluTcdore, 
th.'it the thrust at the crown is a })assivc force called in^ I action by 
the external foi'ces, it will be the least that is^ ,onsistcut with 

equili brill 111. ^ 

This theoiT furnishes a v^ondition by which^ if the external force's 
and the •'direction of the thrust are knywn, the Line of Kesistance 
can be found in the given form of arch ring. 

It is evident that at some joint of the anth ring, imaginary or 
real, the thrust will l>c horizontal just as at some jioint in the chain 
of a suspension bridge the tangent to the flexible curve Avill be 
horizontal. In anarch of symm(*Jrical fiirni and with a symmetrical 
load this joint of koriiontal Ihrnst will evidently bo at the crown. In 
other cases its ])()sition ,vdll be found by methods which will be 
hereafter exp'laineil. In th(i th(‘oretieal investigation of stability the 
joint of horizontal thrust is always the st$>rt^ing point of calculation, 
although it must be clearly understood that such a joint is an 
InoKjliiort/ plane drawn in a radial direction through the arch ring. 
It will not coincide with any actual joint of the masoniy, (*xcept in 
(Jotliic arches, liecause there is always at the crown of an arch (at 
or near Avliich the thrust is horizontal) a kiiystone, or voussoir, with 
both sides inclined at the same angle rto the horizontal. 

To find the 'niJne of tlie horizontal tlii'ast, when we know the 
position of the joint: —Let W 187 ) he the sum of the known 
cxtciTial loads (inchidii.g the weight of the voussoir) acting at their 
common c.g. Let a he an.3^ arbitrary point in the ske whack, and let 
CD be the length of the joint of htwi^^o'iital thrust,. For equilibrium, 
taking ix)oment?r of T and W about T// must == AV x ;r. For the 
same position of iq is^^^istant, and T x y is also constant, there- 
forb for T to be a minimum, t/ must be a maximum. 

In this investigation, however, it lias been assumed that the 
common e g. of all the loads on the arch has been found. This will 
not usually" be the case at fjrst. Generally, the problem to be solved 
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is how to find the value and point of application of the horizontal 
thrust where there are a 


.scries of voiissoir.s loaded 
with known weights. 
Ftij. rc[)resen£s such a 



Let ABCl) {Fiih 188) 

represent a portion of an ^ , 

arc'll ring of any form 

between the joint of hori- / / 

zontal thi^,st Cl) and the ^ 

sj)ringing A i\.and let the <3^ j 
ve! tical and ‘^^A^rizoutal ^ 

components of the\veiglrt,s m W 

on the voussoirs be* 

■ir,, ami A,,* 187. 

// respectively, and 

let T-=the horizontal thrust act .-^t some point in Cl), sue; 
If tlie aiea within which the I^iiie of, Rijsi8,tance must lie is 


h as (f,* 
limited 



by the central half o? the arch ring we may^take A/> as ^ iVB, and 
Cfi as ‘I Cl). Take moments round />, the lower limit in the joint 
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at the skewback, let the arms of the moments of 

iCp j,? j 0^ ^2 > ^ V' 

Then r T// tVyi\ + + h^Jc^ + 

r “ ' 

-= ^wx + 'llih, 


hence 




be 


' If then with this value we (haw ‘a Line of Kcsistance startin'^ 
at 0 , ami ending at A, and if wi! find that when drawn it lies within 
the prescribed limits thi'onghout the wJiole of the central strip, that 
Avill be the true Line of Rosista'iice. 

T1 le method of ascertaining the vertical and horizo .tal components 
of external jiressurc Avill be examined later. / 

Mdicn tlie arch is not symmotricjall}^ loaded, the joint of horizontal 
thrust will occur where aai imaginary radid plane divides the arch into 
two parts, such that the weight of each '/nni and its rerlical load is 
efi'ual to the vertical reaction at the adjaceid abutment. Thus, in Fi(j. 189, 



let tlie vertical loads on the ariji ring be all known, so that the 
vertical ^,comp(u;ents K^, of the reactions at the abutments are 
known from the ordinal y method of obtaining reactions in* a beam 
of <givcn‘ length under gi'refr loads at fixed points. Then, from the 
known vertical forcc^'if, 'va c can ascertain how much of the ar(3h and its 
load isV'oual to and how much to If’ABEF be that portion 
of tlie ring and load, the vertical component of which is equal to lip 





iind ABCD that portion equal to joint of horizontal 

thrust. For if we take the weight of the portion ABGH between 
AB and tin# crown, and knoAv, b}’ hypothesis, that its weight w is 
included in the reaction Bj, see that these e<{uak weights tend to 
produce a negative couple whose moment is wx. To maintain 
equilibrium, there must be a positive con pic furnished by the 
horizontal component A' of the thrusi? on B/^/A, and tlie horizontal 
component of the reaction h.m Thi^coiqde has a moment ////. The 
resultant of and w acting on A must thcrefoT O act towards the 
right abutmcjit; hence the Line of Resistance must be inclined 
towards tft-" t abutment, and the resistant thrust cannot be horizontal 
until the TanV .of Resistance reaches AB. 

Hence we cah"*imd the joint of horizontal tin list if wo know tin? 
vortical external f^-ccs. • 

Another rule for fiTulin|j the joint of horizontal tlimstMs that it 
lies veVtic^lly below ^lic common centre of gravity of all the external 
loads. 

• •* .• 

The stcps#which must be takon^iii the investigation of the true»*'^tcps to In* 
position of the Lino of Resistance therefore arc : — true 

(1) . Find the joint of horizontal thrust. If the arch and load are R^'^intaiuv. 
.symmetrical, this will lie at the crown, otherwise it will be that 

joint which divides the ring in tf^e inafine** just indicated. 

(2) . Mark on the arch ring j:lie iiositiori of the central half nbrd 

(I'uf. 189). , , ‘ . . • . 

(3) . Ascertain tlui external loads on a portion of the arch ring 
ABCD between the joint )f horizontal thrust and the springing at C. 

Draw a vertical lino through the centre of gravity of those loads. 

(How to find this will be presently dcscnluid). 

(4) . The*n begin by considering the hoi-izoiital tliru.st at AB to be 
a minimum consistcilt with sti^bility, and therefore acting as high np 
as possible within the limits (df. In other words, take moments of 
tbo weight AV., and the horizontal thrust T round the lowest limit 
admissible in CD, /.c., the jioint c. Then • 

W,x/;r-Tx('/r 

w’ X l/t 

~ck 


'r 


{Fhj 100). 


(5) . With this value of T start drawing the trln! Jiinc of Rcsistifticc. 
[f this falls within ^he limits prescribed, it\dll, according to the 
theory of Moseley and Schehicr, be the true L*ine of ResisJ;;ance. 

(6) . But if this trial lino falls outijide the prescribed limits, 

2 
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another line must be drawn, taking the point of action of T a little 
below />, and as ch will now bo less, T will be greater than before. 

(7). The limiting values of T are — A minimum when it is taken 
as acting at h and moments are taken about and a maximum when 
it acts at a and moments are taken about d. 



(tS). If after repeated trials it is found that no value of T will give 
ti Ijinc of liosistaiice falling anywhere within the prescribed limits 
the arch is unstalile, and the form' of *it* Avill reijuire alteration. 
Either a new tlur/iiirss of ring should be adopt(Hl, or the loads must 
be rearranged, or the ntm/finr of the arch must be reconsidered,, 
and the process, as aboNO (h^sci'ibed, repeated. 


Grajthir D ’aKfrain of JjOf/ds.i 

In the Line of Uesistance, insteaM of drawing on the arch 

ring itself all the parallelograms of forces as in Fi</. ISh, it is evident 
that we can represent ;ill the forces acting on the hgui e in a separate 

polygon as td> wli'dre ah represents the horizontal tlinrst T, 

and hd, da, gj, jk represent the e\tei nal forces. . This saves a con- 
siderablfj amount of drawing and confusion. It is the same as 
drawing a polar diagranj,..^.d funicular polygon, as in the case of 
arched ribs. 

Theiefore (if wr^know the magnitude, direction and point of 
application of the external forces) we may construct a diagram of 
the forces acting on thesarch ring by first drawing to scale OU 



229 


{Fi(j. 192) the calculated value of T, the horizontal thrust, then 
drawing BA from B, in magnitude - B, and parallel to its direction. 
Similarly, <li’flw BC on the other side of OB in magnitude ^ P 5 ami 
parallel to its dircctioTi.'; (In lilfe manner all the other external forces 

can be drawn ecpial and paralhd to P., I*, , 3 . 

Then Join their extremities with O. On Fi i 101 draw at the 
point of application of^ the horizontal tlirust horizontal until it cuts 
Vi^i-tho directions of P^ and P^ at^« and f>. From a. dra^f paiallel t(j 
OA, meeting the direction P.. at ^/, and frenn }> drew hr ])arall(*l to 
OC, meeting the direction of P^j at r. in like nrinner complete the 
funicular ^jdygou. ^ The points (n^arked x ) where this polygon 
cuts the joint, on Fi(/. 191 give points on the Line of Resistance. 
If tliis falls withiJi'-^^-hc ])rescril)ed limits, well and good ; the line thus 
found is (on Mosclfey’s principle) the trftc Line of Resistanec. If 
the line is beyond the limits anywheic, a. fresh and grt^itm* value of 
OB must l*e taken, coja^esponding to a lower [)osi(ion of e, and a new 
polygon of forces d^awn (Hu; values of P,, 1%, etc., being as Ixdore). 
If this does^not satisfy equilibrinip, another \aliio must he tried,* 
and if no ])Osition and value of OB will give satisfactory r(*snlts, 
cither the form of the ai;ch ring must b(^ al lined, or tliii external 
loading in some way re-arianged. 




This method of working hy trial and oi‘ro^>^s tedious, lyid it is 
obviously of advantage to j-ciducc the labour involved by any 
^expedient which will indicate, after the first trial Linp of i Resistance 
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has been drawn, the position of the line which is likelj^' to give the 

most favourable results. Tliis is ascertained as follows,: — 

( 

In Fig, 103 l(^c the first or trial Tfipc of I^esistance be that indi- 
cated which ])asscs with its maxiniuni deviation above the limits of 
the (jentre half at the joint FF', and its maximum deviation below 
the limits at I^E', and let f j?nd e be the two points on those joints 
through whicli it is'dcsired thcccurve should pass. The foini of the 
true Line of JiCsistance will be as indicatetl in dotted lines. 



Let Wj be the line di av n through the know n c.g. of FF'AB, and 
A\'„ be the line drawn through the known c.g. of ^fjct T be the 

new unknoivu value of tlu* horizontal thrust, and let o' be the unlcnoivn 
vertical distance above or below /’of its point of ap})lication. If we 
take (( as the known vertical distance of f j'ibove c, we can find the 
values of the two unknowm <|U..utities T and as follows : — 

Taking moments aboiit /— 

Tx.>-= .(«), 

and takeh moments aliout c — 

• ±\\V- (/?). 

F]*om (A) and (/I) w»^'' '‘ascertain T and and '3an at once draw the 
Line of K'esistance shown dotted on Fig, 193, which will pass through 
r and /. 
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A purely graphic method of ascertuiiiiiig the c.g. may bo con- Mrtluwl of 
venieiitly used in connection with this. Let it 
be rcipiirod to find the position of the vertical 
through AllXY {Fi<j, 193), a portion of the arch 
ring on the right of the crown, divided into 
four ^^OTissoirs, the weights on which a^c know i 
(and for simplicity in this case are ^issumcd to 
he vertical), llraw the lim? ahcd(*. {I'iu. 191) 
verti(;al, in which = etc., and take 

any point^O joining Ch/, Oh C)c. Tfien draw 

from C Om j/irailel to Oa, meeting the direction 
of P, at ^ and.from S^draw 3// ])aralle] to Oh, ineetiiig the dinjction 
of Po at //. I)ra‘" ?y: {)arallel to Or, parallel to OtL From the 
point :J on the line pf Pj draw .^0 ])arallel to cO, meeti»ig the CW* 
[H'oduced at Q. Then Q (ividcntly on the line of the resultant of 
all the forces, i.e., isV^n the line of tlnhr coininon c.g. 

On this principle it i.s possihh' to determine tlie Line of Jicsistance 
of an arch tvhere it is evident frofn the small ri.se that the doijit of 
liupture must be at the sprhiging. ’ J.et F}(f. PJo i’(‘})re.sent an arch 


O 


CL 



Hcsistaiicc* 


HI 



find the position Q of«the line through the c.g. • ^"ow, in ordeir to d?aw 
the true Jane of Resistance Cl), we must l)ear in mind tlfat the seg- 
ment of the arch is kept in ecpii librium b^’ three forcoe, the horizontal 
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thrust at C, the weight acting through Q, and the reaction at D. As 
the first tAvo intersect at (^, the line of action of the third must 
he T)Q. Draw AO' parallel to QD, and join 0 ';^^, etc., as shoAvn in 
dotted lines. Tnesc re])rcsent the true pressures .on the joints, and 
from them the true Line of 1 resistance can be drawn as shoAvn in 
(lotted lines. 

This is the most exjieditious method of obtaining the true Lino of 
Resistance in" a s(‘gmental arcfi. I >3/" this means the troublesonui 
c;dciilati(jns for the position of the common c.g., and for the Aailue of 
the horizontal thrust, are avoid(‘d. 

J^.rfrninL ilwir M(i(jnituih> urn! Dirrc.i^ii. 

Kxt{‘ni|il Jn the investigation Avlpch Ave have consideij<;d .rbove Ave have 

assunnxl that avc know tlu', magnitude and odir'cction of all the 
external loads, but, as jxjinted out at the 'beginning of this (chapter-, 
in most cases there is much unccu tainty about the actual Icjading. 

, In an arch actecl upon b}^ a ’(luid, such' as the case of a shaft of 
a, 113^ materia -1 standing verti(;aJl3^ in water, the external pressure Avill 
(iveiywher('. b(‘, noianal to the tangent at the extrados, the ]dne 
of Resistance Avill assume the form of. a circle, and the problem is 
simple. ^ , 

I'tvssaiviii tl With the ordinary case of a roa.d bridge having earth tilling above 
ai'ch, the iircssure aauII not be normal to the tangent, nor- Avill it 
])e all vertical. Fravpiently in books treaiiifg of the arch the load 
on any vonssoii’ is assuim^d to be all verti(;al, and to be that con- 
t. lined between two imaginai-y vertica,! liiii^.s draAvn fia^m either end 
of tlie extrados of that voussoir to the level of the roadway above, 
l)lus the weight of the voussoir itself. This can onl 3 ^ beTrm^ Avhen 
the dei)th of earth tilling is inconsidei’able. , It is not gtmerallv 
considered, for instance, that the arch of a culvert under a liigh 
ciidmnkment boars the Avhole Aveight of the earth verticall 3 ' abova* 
it, although undoubtedly the AAa;ight in the centre of the culvert 
longitudinallv is much greater tha; at the sides. 

Pressure of ITofossoi' Raukinc* has shoAvn that, the horizimtal pressure of 

earth at {013 jiohit Pannot be greater than ^ nor less than 

1 - sin (j) 

r - U'mes the verticftl' pressure, </> being the angle of repose. 

1 4-sm <j) I ' / o I 

Professor Baker lias /^liinted out that if </j = 30 °j:the minimum value 

Cirii j). 320. 

( 
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•of the horizontal stress will be IjrJ the vertical pressure, and that 
although the method of ramming the earth filling will have an 
appreciable effect on the amount of horizontal tlu*ust exerted, it is 
imju'obable that however carelcvssly that ramming ^is carried out it 
will reduce the thrust below the minimum just tpiotcd. Ibuicc the 
horizontal intensity may be taken as-^ l. '»7/, \'h(no /e ’ weighf jier 
cubic foot, and A height or dc})t^i of any ^ «.‘rtic:d jdane under 
earth pressure. * * • • 

An arc-h, linwover, may liavc (oii(‘ ma;^* say it always has) sp.iiidi il fillirii^ nt 
masonry al^)vc its extrados of adiflcivnl spcs-ific gt a\ iljk to thc<Mrlh iillino. Or 
it ma}' itsolt' l)uilt f)f (joiicrrtt*, it may ))^ve masoni-y spnnrlrd lillin^^ aiid thru 
earth, oi metaU ng, or some other weight of a t«»t.ill\ dilleient natiiK*, such 
as water in a can. u n^nodnet, or rads an<l sle<‘j>ei s, as in a lailway \ lavlnet . 
How^, tlnm, can W'e I'cjuee the load on a diagi^im to a (omnioM faetoi which 
will t'liahle ns to af)[)ly tl^^ rnle.sforthe invesligal ion ot the lane of IJesistaiK e ? 
ddiis may he found eitlier analytically or graphically . 

(n), Anab'tic.illy wa* ivay take moments of tin* cn( ire ni.iss and its cr)m))oncrd 
parts round any ])ointj as h hSS). Let a he tlic hoii/onlal di'.laiuc from 

lliat point of ^he veitical tlirbngh tin* coniinoii «*.g , the hoM/onl.il» 

(known) distances from the sann* pond fo the \ei(iea.ls throii;j.h the e.;_i. of (he 
separate masses, /r,, . {Fii/. VSS). 


(/>). ( Irapliically. ‘The first step is to rediieo the a<*tiial load n])on an Ih'dneed hiad 
arch, in<‘lnding the w'eiglit of (ln*aieli ring ils(*lf, lo an eqiin.dt'iil lionio- '‘<>»dom, 
g('neons load of the s.iine ly-ii'ity^s tln5 areh iing. 'Idie nppei Inuit of ihi-, 
imaginary loading is called (lie rnland load toidonr. Foi «'\.inij)le, suppose 
i( IS reqnirt'd to find I he re-ilinaal load eontoln tor (he an li loaded as m 
Fi>j. WHS. Assume (Iiat ( he w I'l^ht of (In* -ireh ring is Ihd ihs. j.ei ciihe fool. 
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that of the rubble backing 140, and of the c.ii th 100. Then the ordinate at a 
to the load contour of an equivalent load of the density of the arch ring is 
equal to ah-\-b<: { -f rri ’ ;|J> =say tjf {h'uj. 197). The valu(<' of nf is laid 
olT in F'uf. 197. , (v^unputing tlui ordinatcis for other 7 )oints .jai- th<^ load 
contour gives the line lOF (/'Vg. 197). The area l)ct ween '"the intra<los at the 
reduced load contour is proportional to tlie load on the arch. In a siinilai 
inannC)- a Ii\ e load (as for example a train)^ can l)c reduced to an eqiiivalcjit 
load of masonry, in which ca^e the reduced load contour would consist of a 
liiie({H above rn.l parallel to KI for that/j)art (d the span (;oveicd. by the 
ti-ain, while for (lie rein. under of tlie span the line IF is the reduced load 
cimtour. 'flic sceoinl step is to dimw the arch ring and its reilnccd load 
contour on tlin^k paper I > a large sealc, and then willi a sliai]) km‘c ( arcfully 
cutout 1 he area rc])rcscnting tlic loa I on caeli areh stone. Tli/^ t.g. of each 
pi('ce can be found liy balancing it on a knife edgi*. and tlu>'A’ the posithai of 
tlie c.^ is (o be transferred to tlie dra\\ing of the aieii.'’^X 



I Hah'ihution of Pos<ii)Uf Loath. 

There ure still two more points to be discussed in connection tvith 
the external forces acting' on an arch, and the resistance produced. 

The first of tlicse questions is : — ^In the case of -loads passing over 
the surface of aii ordinary road crossing an arch, to what extent 
docs the uiotalling and earth filling distribute tlic load ? 

To this”thci‘c can he no absolute answer, as the distribution will 

/• 

' I 

^ Tin’s :iss..mc.s that tlic wi'ight of the train acts directly on the vertical portion 
hclcw if. Thisds not (luitc the ease, as wiil be; presently pointed out. 
t Professor llakt‘r, Masonrtt Con»trvvtiov, p. 409. 
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evidently vary with the nature of the road surface and the eartli, 

The practieg among Continefiital Engineers* is to consider the 
distribution at an angle of ^45" on either side ‘of the vertical 
axis through the^centre of the load, or in other Voids, the load 
is e<[ually distributed over a cone of earllj Avliose apex is the 
surface directly below the Aveight and tlio angle = 90^ It is 
e\ ideiit^ tJiat the greater the depth, be tAveen tlai roadAvay and the 
ex trades of an arch, the less clfect aauII be })roducc<l by*)assing loader, 
and th(‘- probability is that the distriliution is not less tlian that 
indicated^by an angle of 45° Avitli the A crlicr^ (see Fi{f. 73, p. 80). 

Another (piestion is hoAv far any^pandril lilling or l)acking may Wlirtiicmpnn 


he taken as aiMing to the thickness of tlie arch 


i»r , , , , sluuiln lx* 

\A e inaj consulia'jxl a** 


lind, for instance, Miat tlie l^inc of Itesistance comes pei iloiisly near On- 

th(‘. extrados of the actual* arch rimj at* a point where above that 
e\tra(los ^hore is masonry. If that masonry is included in the 
ardi limits, there Aviil he an ample margin of Mifi'ty, but if not, it 
will be unsafe, and*tho qiicst*ioii is h^>\v f«u* arc avc justified in taking 
the masonry filling into camsideratfon i 

If the arch is built of asldai*, Avilli a thiough bond betAveen tlm 
si»andrils and the arch ring, o]* if formed of carefully made and lakl 
(oncretc, it seems reasonalilc to i^icludg the K[)andrils. 

If, on the other hand, the arch ring is ot hrickw'oik or rubble, and 
the spaiulril of hriclvAvork laid in the usual horixoiijid cojiirsos or 
rubble, either random ^‘oufscal, it Ava>uld he liardly justifiable to 
(‘oiisider the spaudi'il as haxiiig any other ell’cct than mej oly adding 
additional’ distributed Aveiglit. 


, SfaOilif// of AhuimenU (no/ 

AN’hcu the inaLrnitiKhj, direction, and point ot apj)lic.ition of the Ai)iitiiw>i)t 
1 , 1 1 *1 1 111 1 . • 1 1 ‘ l * ^'‘<1 

resultant thi’ust prodneyd oii tlie skewback has been asctu tainecl by thres 

the investigation given abovc^, tlie stability of tin abutments is 
matter of no ditliciiltv. -• 

I'lic thrust (T, Fi</. 198) of the aicli^thus asrertained is one of 
scAcral ext(irnal forces actiitg on tlie ahutnieiil, ami the resultant 
of these forces nnist be sueli as to fullil lhe*thiC(i conditions of 
e(|uilib*rium in masonry. 

14ic other external forces vary with Vi iiai instances. I*i th^ease 
of abutments Avith earth backing (see Fof, th(‘ earth thrust (P) 

is a most iinportanf external force, ami foi •.s\jall arches^uiidcr a 

* Foitfs * 


I 
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heavy surcharge it necessitates a heavy abutment. In the case of 
service reservoirs arclied but not backed with earth {Fig. 237, p. 201) 
the water pressure inside the reservoir adds to the tfarust of the 
arch in tcnding'to push the abutmeiVt outwards and endanger its 
stability. The weight W of the abutment itself is always one of 
the external forces. 


Joints 


nil 

])i«'rs. 



Fig. 108. 

The Jjinc ot Itesistance of the abutincnt ix^ay bo so inclined to the 
dirc<*tion of (he joints as to endanger its stability against sliding. 
Fo obviate this it is soinctiiiics necessaiy to have the joints inclined, 
as in Fig. 279, j). 307, J^irt 1. Such abutments arc “ in truth a, 
continuation of the arch” (Kankine). 

A\dicre there are two arches in a bridge, as in Fig. 190, the 
horizontal coni[)onents of the thrust iumtiahVa/ each othcT', loaviijg 
th('. vertical components only to l)e boi'iie by the pier. When one 
only of the arches which spring f?a)m the [)icr is loaded with a 
travelling load, thei’e will be an r':cess of horizontal thrust on the 
pier. The amount of tlliii thrust may be roughly ('omi)Uted by 
multiplying the travelling load per li'neal foot. by the radius of 
curvatur(.i«of the intrados at the crown in feet. 

'Fhe pie]' should for practical reasons have sutlicient bi’oadth loi' 
the whole of tin* two ;ii'ch rings which spring from it. Profcssoi* 
Raidvine has pointed^ut that these limits Avould result in less a\ idth 
than are lumally adopted for piers, the common thickness of which 
at the s[)ringing is from ,1th to 1th of the span. 



237 


Arclics which rest on jjiers wliich are built on this pi’inciple must, AlMitmmt 
for ol)vious reasons, be coiij^ructed simultaneously. A flood 
other destrifttive cause which carries aivay one pvpr will not only 
wreck the two arjhes on cithA* side of it, but will ^ause so great a 
bending moment on the further piers as to emlangcii* their stability 
to a serious extent. To localize the dangerous efleefof any •such 
accident it is customary in a loim series to build at intervals 
ahnimntt i.e., piers desigTied Avith sufliciejit bicaTNj to resist by 

themselves the thrust of any one adjacent arch. 



While considering the (hsfnMian of ai*ch(‘<s it ma\ hcri' ])i; ])<>int(‘d npU st 

out that in those that afc'*dcs^gnc(l (as they usually arc) of circular to)\m\r.n 

segmental form, the theoiy in tlie foregoing pages j)oint^ to tlu' I'- 

])(>.sition of attack. e liavc se(*n that tin*. Icndcnc) ot aiclics is to 
fall in at the crown and to open out at the hauiuilK"', and tor thi.^ 
reason ^vc» load the hanncljes, and have a Tmniiniini lo.id at tlic 
crown. To desti-oy^tlie arch the reverse [>roc(‘.'>s >lionId he adopted. 

/.c., the earth covering on the* haunches should h(5 dug uj) and piled 
on the centre. A comparati\ ely small explosive uiidar tin; haiimdics 
ought then to liave tlie desired ellect (/Vg. iMJO) 


Tkidene^x at /hr Citavii. 

Mr. Trautwine’s rule for the tn\)wn thickiie>s, (a^ given iii T\irt 1., (’lown tlmU 
p. 3231 is _ 


* 'this a|)})licatioi) of theoiy to an important part of a nulitaly engiiicm'' 
dul}' lias liceii pointed out by Cajd. and Ut. -^ajoi .J. It. L. ^Jaedonald, it.K, 
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K\auii)k‘. 


for a firsfj class cut stone arch, increased^ by |th for second class 
work, and by ?jrd for brickwork or fair rubble. Here / —radius at 
crown, and .s* = span, both in feet. Professor Kankin,') gives for* a 
single arch— I u 

(1= v0'12/', 


and for a sc vies 


^ 0 * 17 /’. 


. The rules followed by Continental Erigineers give larger* results in 
.short spans, and lower results in barge spans. 



As an illustration of the foregoing principKis avo may tak(j the 
following : — 

PxamI’LP: 10 . — It is nquiml to (Irslfjn a iifnsourjf arch, 40' spaif, 10" 
ns<\ to he Iniilf of rer/f Joh.'d hrirjes (of (fvaJiff/ cf/iial to second-chts'^ sfoue 
u'ork), carrf/i/uj an ordinary road 10' wide heticeev 'parapets^ whieh are 
each 2' thick. ' 

Creatcftt weight oli the bridge 80 lbs. per foot super, or a traction- 
engine with 9 tons on d?-iving wheels, 5 tons on leading wheels, 
witli 10' 8" wheel base, jioaPdishmce of Avheel centres 0' 2". 

The depth of the o^'th over the extrados at the ci*own is 3'. 

Weight^of earth lob lbs. per foot cube, and of brickwork 112 lbs. 

Abutments* to be 12' in height from floor. 
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The first step is to design the arch hy any known rules (say :ir 
'rrautwine's), and then investigate its stability. ' lown. 

The dcptli of the ring at the crown, according to Trautwine, 
would be t * 


d- 


and the radius being 




+ ar 


'la 


(see p. ‘32?i, I’art T.) ; a beijig tlic or 25 toot, the value of il is 
I *877 for cut stone or 2 feet for second (piality stone work. 

Tlie value of tl:c abutment thickrujss 


The* tanj^ent to the extrados is drawn fi'oui a point ( J (AVV/. 201), 
such that NCr-^yT, and ^ the lino GN is found by the steps 
*d escribed or* pp. 324-5, Tart I- ^ 




of 6(vrA' 
of adu/rnent 


It will be observed that this does not give a, tliickncs.^ gradually 
increasing from the crown to the joint of rupture, which may be 
taken at about 45“, l)iit it does assist gmrM’aliy in tin' sf-.bility <d' 
the structure as a whole liy adding weight tlie ahnlnn'iit. The 
curved line shown in 7'V//.,. 201^ would in all resjx'cis lie bettei*, 
hecausc it adds to*thc weight on the arch ring at once after leaviiig 
the cr^wn, and tlie c.g. is nearer the inner edge of the ahulinent 
than that of the other form. As, howev'^i*, most arches* ;u’e 4)uilt 
Avith the straight tangent, this will be here investigated. 

As regards the Aii^eights coming on each In > tlie 10 imaginary E\<t n).j) ’i>,ulv 
'voussoirs into which the arch ring is divided (see Flute XVdll.), it ir^ 
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Two I mull 
tioiis of ni 
u 


1. 1 1 if(>i II 
lo;i<l 


l\»si turn of 
Line ( f Hr 
sistaiu 


iissurried that, vertical lines having been drawn from the edges of 
that voussoir on the extrados, the weight doming on 1' in length of 
the voussoir is made up of — (a), the moving load orujthc roadway : 
(/>), the vertical, weight Wj of the ejj^'th and metalling between the 
roadway and the n)asonry ; (c), the horizontal "thrust W,, of the 
eartji on the vertical projection of the masonry ; (il), the weight 
of the ])acking acting at its” c.g. ; and (c), the weight \Vr, of the 
voussoir itsejf.*' Tliese five forces luvye a resultant which os rejire- 
sented in magnitude and direction for each voussoir on Fig. 1, 
FInfr XVIll., and is shown on the load diagram {Fig. 2). 

We may investigate the stid)ility under tAvo conditfons : --(1)’ 
where tlie Avhole arch is covered Avith ])coj)lc, l)ringing a Avcight of 
lbs. per square foot ; and (2), Avhere the traction-engine is on 
tlie bridge, and is rolling oT, causing an unsymnictrical load. 

(1). The right half of the ring on Fig' 1 m'Fhife XVIIT. is shown 
Avithout tlui Line of Ucsistance, as that line Avpiild be the same for 
both halves. Tt is left blank to show the coiistruction lines. 

On the left half of the arch the Aveights on each voussoir arc 
shoAvn acting through the common centre of gravity. 'J'he horizontal 
c()mi)onent of the thrust is very slight, even in the voussoirs neai* 
the sj)ririgiiig. '^fhe Avcights are shoAvn on the load line XP. 

Tin; horizontal thrust Imiug at the crown, a hoia'zontal line OP is 
drawn to any point 0, and the lines O.r,, O.r,, etc., diawn. 

From F, tin; upper point of tho^ central half at the croAvn, a 
horizontal line is drawn, meeting the vertical through the c.g. of 
voussoir (S at From this |)oint a line g^ g^ is di’aAvn parallel 
to ().'■;., meeting tin; vertical through voussoii’ 7 at a ])oint //~, and so 
))y drawing lines ])ai'allel to the lines in Ftg. 2, avc got the dott(‘d 
j)olygon {Fig. 1), Avhere Qd is paialh'l to OX, and F(J is 

horizontal. Then a A^ertical througlq G passes<.thi’ough the common 
c.g. of all the loads. 

Join FG whert; F is the lower limit of the central half of AP, and 

draw O'X ])arallel to F(4, and join OVq, O'.c, OV-. d’hen starting 

from E, again draw a nv,jv force polygon as before, and mark the 
[)oints where this jml^^gon cuts the^ joints. 

These yjoints give- the Line of Kesislance, shown in thick red lines 
on the (IraAving. This falls close to the limits of the ' central 
ha,lf^ ainb though it conmr hear the intrados at tin; first voussoir, and 
just outside the central half, it is so near the limit that it is not 
necessai v to take jw'ncw Aalue. 

To find the maximum [)rcssure on the arch ring Ave measure the 
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(listiince from the e<lge oKthe centre of pressure, and find it to be 5". 
The width of the joint is 24". 

As the pretsure on the joint (OVj which scales 21,600 lbs.) conics 
outside the centre third the nmximuin pressure will be found from 
the principles illustrated on Fig. 275, p. 304, Part f. Hero 5", 
and 21,600. Hence maximum pressure ^ , 


2ix 21600 ocQo 11 ' 1 )" 1 " 

^ ^ = JSoO lbs. on 1 2 x I run,' 


i 240 2 )or square inch, or 


12 X 2HS0 
2^40 “ 


15*4 tons per square fool. 


Prom Table Y1 11., »p. 33^ Fart I., it will be scc*n that to give a 
margin of 43afety it will be=liecessary to use very hard l)ri(dvs laid in 
cement. The strength of the single bricdc is not I ho governing 
factor, but the hricilwork 'in tiiortar. • Stallbrdshirc bricks in (teinent^ 
should be used for this arch. Ever! then the factor of safety would 
be small. It would bo safer^to increase the thickness of the arch 
ring to 27 inches, or three 'vyhole bricks. If of Portland cement 
concrete, the thickness might be i/ift at^2 feet. 

(2). For the rolling load {Fig. 1, Plate Xl X.) it is assumed that tlie 2 . rusymnu' 
weights on each wheel are distributed over a cone, tin', ajx'x angle 
of Avhich is 90”. In AV/3 1 the traction-engine is su[»[)used to ]>e 
rolling otl' the bridge to the right, and the lioavi(*r wlie(*ls to be just 
clear of the arch. This will be the position least favouiable to stability 
(approxinnitely). The line.s of resultant pi-cssnro throiigli the 
centres of gravity of the voussoirs and their loads are shown i/i ]-ed, 
with amounts writteij against each. 

The reaction of the right su])port is then easily crdi-ulated by 
ta,king the algebraic sum of the moments at the o])j>ositc sui>poi t. 

I'he amount of that reaction is 21,100 lbs. I’ii.it is ecpial to tin* 
weights oil voussoirs 10 — 16 inclusive, plus a ]>art of voussoir 9, the 
amount of which can easily ho reckoned by proportion. Tlie weight 
of the Avliolc of A'oussoir 9 being 2,652 lbs., and the dillerem-e between 
21,100 »aiid voussoirs 10 — 16 being 1,854, we diaw tlio joint .111 
clividing voussoir 9 in the proportion of 

798:1854, (18.54 -f- 798 = 2652). 

Tliis is the joint of.. horizontal thrust. 

K 
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The line through the c.g. of the weightrfon the right of this joint 
is found 1)^ the same process as before. Then taking moments about 
F (tlie lowest paint of the centre half of the joint AB) of the weight 
W, and the thrust T acting at the highest point oh the centre half of 
the joint IIJ — 

where ^ , 7/^= 1 l-t’', ^/F = 7*8', 

and W = 21,100 lbs. 

Whence • T- 14,380. 

This value OP is laid off, and the points Or, etc., joined as before. 
A trial Line of Itosistance (shown dotted) is drawn with this value, 
but it comes above the limilh at the crow^n, and below the limits at 
the springing. A slightly increased vajue of T should be taken. 


Try 


T- 15,000. 


Tlnm 


h'e 


21000 r 7*8 
15000 


10 * 8 . 


With this value a new Tiine of Resistance is drawn, which just falls 
within the limits. ^ 

The maximum stress would be at the joint between voussoii's 15 
and 1(). The centre of pressure is at 6" from the edge, and tht^ 
amount of pressure is 23,000 lbs. (O'rlb). l^he maximum pressure is 


2 X 23000 


3x0 

7.C., 235 lbs, per square inch, or 
12 x 2022 


— 2,022 lbs. on 12", 


'2240 


14 tons to the scprire foot. 


Hence good hard brifrks in cement mortar are required, if the 
thickness be 2 feet. As '^.tated above, it would be better if made 
27 inches. 

‘ '* ' StahiliUj of Ahntmeiits. 

Stability of 111 l)oth, the above cases the stability of one abutment is shown on 
abutment. weight of the masom-y abutment and the earth above 

is first fuund, and^a' vertical line drawn th'*ough its c.g. Its 
amount is louiid to bo 21,200 lbs., and it is represented by ac. The 
resultant thrust GF on the skewback is produced, and its amount 
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^24,000 lbs., in Fig, 1, Pfutc XVIII.) is laid off at <7^. The resultant of 
these two forces is ad. * ’ # 

This must be eonipounded jvith the resultant oartji pressure at the 
hack of the wall yh. As will be seen in a subseciuerit chapter, this 
thrust acts at § of the total depth below the surface, and its Jiori- 
zontal component * 






1 3 • 

1 - Sin 


1 + sin < 


Avhero weight per unit of the earth (100 Ihs.), //> = height in feet 
( == 27 feet), and 0 is the angle of repose of the soil, which AV(i may 
take at 30° This gives a value to the horizontal thrust of 25,000 lbs., 

4ind to the inclined t^irust, acting at ana|iglc-- to the angle of repose, 
of about ^,000 Jbs. Compounding this (aV) with (uV ( -lul) wi; get 
a total resiiltaut pressure shown in a thick red line 115,000 lbs., in 
Fig. 1, Plat(' XVII f.J which intersects the base Jilinost at tlie cciiti'e*, 
showing that the {irossuie is nearlyiiniforinly distributed over the, 
lOfcet of base, giving ll,t500 lbs., of 5*1 tons per s(|nnrc foot. This 
•can, of course, be spread out* over the footings, so as to reduce the 
pressure per s([uaro foot oh t];io soil to an 3 ^ desired amount. 

It is sometimes desirable to have an ajpi)roximate idea of liowmuch Ap])r()xiumtf‘ 
the thrust of a uniformly loaded segmental arch amounts to without 
going into the above lengthy investigation. This iiiay ho estimn ted 
hy considering the Line oV liesistanco as a parabolic*, arci (which it is 
apjiroximately), and considering the skewback at the springing to ho 
at right angles to the tangent to the curve there. This will not be 
far wrong for arclies whore the skowhack is inclined between 35" and 
60'’ to thee horizontal. If 6 be the angle of the skcAvhack to the 
horizontal, 'w the average weight per foot run on the aivli, / the 
span, and il the average rise (i.c., to centre of ring at tlie crown) the 


nr- 

thrust on the skcwbacks is approximately cosec 0. In this case 

(1^37°, ir, l^ArV (measuring to ijmer^edges of centre half) and 
^ 830 lbs. per foot run, oiiyi strip 1 foot m widtii. Hence the thrust 


830x41 x 41 
'8x11 


X 1*66-2G,320" lb.s. 


• 3 

From Fig. 2, PlaleXYlTl., OX — 24,500 lbs* the differeucc, therefore, 
being on the safe sid^j. 

♦ j 


* Of course, this is approximate. 
a)f repose of tlie earth backing. » 


The exact) position depends on the angle 
r2 j 
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Triiutw iiif’s 
rules ill aetoi - 
riaiifiH.* with 
thc‘ory. 


Ciumterforts 


IMateriiil of 
rinj?. 


Hard lii ielv^ 
with ta}MM- 
joints not 
1 ecoluinond< d. 


Fj om the example above it will be seenthi^t such an arch, designed 
according to Trautwine’s rules, will give good results. Probaldy, 
if the backfVig h.-ul been disposed along a curve passing Jirongh the 
(a'own, and passing a little below the edge of thespandril tilling (see 
M, Fhf, 201), it would have given still better i*esults. 

Where it is necessary to take heavy loads over a bridge* it is 
dcsirjible to spread that load as uniformly as possible by temporal*}' 
planking, or in some such manner. - / 

When an arch is built, as is fretpiently the case, with counterforts, 

so as to save masonry in 
the abutments, as in 
Fifj. 202 (which repre- 
sents the plan of the ai’ch' 
in Fie;. 201), ^^the total 
.thrust of the arch at 
sj)ringing {i.c., thrusl due 
to 1 foot in width x total 
width) should be com- 
pounded with total weight of oihutment and counterforts. The. 
resultant should })ass within the centre third of abutment and 
counterforts. 

Construction of Arch ItiiKj. 

From the above investigation we also see that the liest materials 
' ^ 

are necessary in impoi’tant ar<‘hes. The investigation lias been hasc'd 
on the assumption that the arcli ling is homogeneous and henc-e if 
th(} ring is Imilt witlioiit jnopei* lionding the calculations are of little 
valu(\ Frequently arches ai*e built of half-brick rings. These may 
be, and often are, quite sound, but if so their stability hu gely depends 
on tbe strength of the mortar. Numo''Ous insta.ices may bo seim of 
arches built in this way which have shown signs of failui*e from one 
ring sliding on anothei*. 

In other cases arches-' are built with “ I'ubber ” bricks laid in 
Flemish bond, the bricks having been rubbed to a. voussoii* shape by 
the bricklayer. This is admissible in walls of houses where little real 
weight comes on the arch, but in important bridge work it is out of 
the (Question, as the bricks iU*e far too soft to stand a heavy crushing 

• 1 i. 

weight. 

In othgr cases hard tiricks arc used, and the necessary shape is 
given to the vouss'^Irs by increase of the mortar joint near the 
extrados. Thi.s^ is not to be recommended, as 'the strength of the 
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Fi(j. 202. 
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rinj, cannoWbc homogeneous, and at best is measured by the strength 
of the morffjir. • o 

Tl^h dif^mlty has been very successfully overcome by Mi-. C. SptMi;, 
* F.nmti.»Arnf «axrnv« HoiISCdtho Oixlin 


ll.nVk 


Kiohardson,* Engineer of th>e Severn Tunnel. 
9" X X 3 "<Jmck, and two special 
bricks, voussoir shaped, and each 
of the same cubic content as the 
ordinary 9" x^V' x 3" ]>rick. The 
lower one of these s[)ecial bricks 
was 9"^ lohg, 6" bi’oad, and tapering 
fi'om 2" to 2y'j wliile the other was 
9" long, 5" broad, and ti^pei’iiig 
'from ’jy' to 3". Tlie aiTJingemcnts 
in a ring; 27" Avide, sucli^as that for 
the bu*dgo sliown in XVIli. 

and XlX., would ])c as in Fig, 203. 6S . 

It will be seen that by the use of 
these spQtdal })ricks bond is given 
to the whole arch 


arv 



Orf/uiOL/y 67 ‘U'Jcs 
Tctpe^ hri^Jcs <5“br*oat^t£ 

Fi<f. 203. 


ring, ))oth longitudinally 


nd transversely. 


Concreft^ yirrhc'i. 

With ashlar arches, or concrete drehes, where the spandril 
lilluigand tiie arch are constructed simultaneously, itAV(nild be (juite 
justifiable to considei* the spandril filling as part of the arch ring. 

'Tlie limits of the area within Avhicli the Line of L’csistanc(3 can fall 
arc therefore largcl}^ increased. The curved birin foi’ tlie c'xtr.ados 
is in this case cv^en more desirable than lu the case of brick arches. 

There is a divei>ity of opinion as to hoAv the concictc should he MctlioO 
laid. Some engineers consider that, as the consolidation of the con- 
Crete is of tlnj utmost importance, it should he laid in hoia'/ontal 
layers all over, as in that position it can best he J’ammeil. Otliers 
consider that it should ])e laid in vumssoir-shaped masses from spring 
ing to crown, and not rammed, Otliers again <*onsider tliat, as far as 
possilile, it should ho laid and rammed in concentric rings. Circum- 
stances must influence ah engineer in dccidiin^ as to whicli of the-e 
cxjj^dientfc, he should adopt. Possibly^ a comhination of all three 
may be the best for a certain case. 

Considerable (iconomy has been cfTcctcl in arch construction by ^loni. r 
the use of the Mpnicr system, where a network of stoei rods is laid 


* Fn<jin<'j rhuj^ J3. 1. SS. 
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ill the concrete, at those parts where the tension is greyest. This 
would point to the in trad os at the crown, and the extAilos at 
haunches, as being the best positions irf a circular segmc^al aijch. 

AuHtrian testh. The Monier system has been recently tested on somewhat 
extensive scale irf Austria, and has given very remarkable results. 
Arches of 23 metres (75*4') span, and 4*6 metres (15*f') rise, and 2' 
metrec (6‘56'f were experimentfid on, and were built of brickwork,, 
rubble, ordinary concrete, and M^nior concrete. The followdrig were 
the breaking strains : — * @ , 

Brickwork ... r ... ... 67*5 tons: ^ 

Stone... ^ ... 74*02 „ 

Concrete ... ... 83*27 ,, 

Monier system ... ... ... 146*12 „ 

The loads were applied froni one abutment up^o the crown of the 
arch in each case, applied very gradually, and the ‘dcflectigtik were 
very cai cfuJly measured along the entire arch ring. The load was 
put on cnio sitle only, because it v^a.s considered thaf under such con- 
ditions the arch would be distorted to a much greater ejftent than 
would be likely to occur in practice. 

The arches failed, by cracking, in qvei'y case, at the positions 
indicated by thcor}^ 

' The brick and stone arelfbs were l)oth built in Portland cement 
mortar, 1, cement to 2*6 sand. The crown thickness in these arches 
was 0*6 metros (!' 11 4''), and at the hauncl^fcff 1*1 4 metres (3' 7i*). 
The concrete arch was 0 7 metres (2' 31") throughout. The Monier 
iirch was 0*35 metres (Pl^ ') thick at the crown, and 0*6 metres 
(V lljj") at the haunches. The longitudinal rods wei-e 0*55" in 
diameter, and the transverse rods 0*276" diameter, the mesh 
being 2.1". 

The widest spans that haie been built in the Monier system as 
yet have only been about 130 feet, but there seems to be little doubt 
that in the future much lai^er spans will be constructed. 

Larges] Min'.. As a result of the Austrian experiments a stone arch, 213' span.by 
58 G' rise, has been built ovet* the ^ ruth, at Jareincze (exceeded only 
by one arch, the Ciibiii John, at Washington, 2*iO' span), and a 
similar arcli has been designed by the same engineer for a sp»^n of 

120 metres, or 393'.* o. 

' / 

* These <?at{i are obtained, partly from a lecture by A. K. Carey, Esq., 
M.inst.P.E., delivered at l3io S.M.E. in January, 1898, %nd partly from Tht 
Knijimiring M\ t(5V September, 1897. ‘ 
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In Engla^ad the longest span, arched in masonry, is the Grusvcnor 
bi-idge, ovel* the Dee, at Chester,* which is 200' clear width, with 42' 
rise. ^Tho Severn bridge, at^Grlou^ester, is 150' span, 35' rise. 

In •Indill some remarkably bold arches were by the late 

Major-General .Sir James l3rowne, K.C.S.L, li.E., on the Kangra 
Valley Koad^ in the Punjab ; some of these were consti:ucted of 
.brick, some of concrete ; in all cas^s of material, and with Isibour, 
locally obtained. The greatest si:jj?<n was 142'. 

VVith concr( 4 :e arches 8ir James llrowmc rccommetided that they 
should not be segmental but elliptical, so as to enable the concrete 
to be (Consolidated better at the s])ringing. 

With all concrete arches woodefl centering is objectionable, though 
frequently inevitable, as th^ spring of the wood prevents proper 
consolidation by rammingi Where it is possible to do so, it is better 
to build up the cer^tcring^of dr}'^ rubble plastered over on the surface* 

This iS largely hsed in India with successful results. 

• , • (h'oincil udrehes,* 

In the cjiisc of groined arches, the giost important point is to investigate tlie (irciiiu'd 
stability of tlie piei-s. • arc! it ‘s. 

The pier AliDO {Fnf. 204) to support the tlirust of (lie half arch CQRl), 
as well as the thrust of tlie , 
two quarter groins Slf^QC, 

TFRD, in tiio directions KC, 

Kl), the two together pro- 
ducing an additional ^naist 
in the direction of tlit; axis 
of the pier, while it. is 
sti engtheiietl iigainst ovci - 
inrniiig by the weight of the 
iwo half arclies SUAC an<l 
TV’^IR), tlic horr/ontal thrusts 
of whieJi neutraijze each ^ 
other. • ’30') • 

The forces acting on tlie 

pier are: — (1). 4'he total horizontal thrust at the ciovvn acting along KF. 

(2). The weight of the arch ring CKFT), acting (iiougli its c.g. (.S). W, the 
weight of the jiier and the two half archws SUAC, ^'VIID, resting on it, 
acting at their common 

The resultant these forces should pass tliroiigl^a point within the centre 
thifd of the base. • 

JJome.'i. 

The stability of a dome ditfers from that ol . u arch in that tAer<?is no tlii ust l>o»m s. 
at the crown of a dome ; it is, indeed, common to have domes (ficn at the top. 

* General Wray’s Instruction in (M.Sntnictig^^ - 
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A voussoir block* in a dome is kept in position not only by th/ blocks above 
and below it, but by those on each si<le of it. The.latter exercise a horii 5 < 3 ntal 
radial force, which, without any pressure from above, will, wiien cojnbined 
with the weight of «tho voussoir, give a resultant passing withiL the bmits of 
tlic joint lielow. Tftc sliding of the voiissoirf must also be^prevented. 

In 1 VV/. 200 let ah lepresen^ the weight of the stone IKILK^ Draw OBpei-- 
])endiciilar to J-BIO, and make YOB— 0 the angle of repose of the material 
(say tlie angle f)f repose <)f sionfi on stone without mortar). Since aoilocs 
not cut H(;l, horizontal thrust must b^^ dev'cloped for enniiihriuin, and such a 
thrust as will pr«v(jnt the resultant from forming with the TYuanal to the- joint 
an angle less than the angle of repose. Assuming the horizontal thrust to .a<*t 
tlirougli tlie upper edge of the stone, W'o lay off from the intersection of 
the lioiizontal line through fj witli the^ vertical through tJie c.g. of the stone, 
the weight ah to scale ; then from h draw hr parallel to OV, and draw through 



Vram A fifihril Mccha iiics. ^ 

+ Tins is Dr. cttlcr’s^ nu*t]K)d, his reason being that the thrust at the top is a 
Tniiinnuni. ^he triu* position is prt^tjably near the middle. 
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uv horizoiil .%1 to meet he. ^'11011 nr will be the horizontal foi co that \\ ill bi* 
funnshed by the other stones in the course to produce eijuilibruim. 'I'le* 
pi*cssiire npon-the joint H(t is he, and it acts at the intersection of he ainl IK;. 

Xow4>rol<^^ hr to meet tlui vertical drawn thi-on^li IThe c.g. of the 
.«t‘>nc H< iFK at ^ Combining ^nis with the Aveight of iHe stone by making 
and dra\dnge/* ( = e<pial Avcight of stone) vertical, a\ c get a result 
This makes an angle Avitli the iifirnial tt> FK greater than tp , hence «lia\v ()l> 
perpendicular to FK, and draAV' OZ so tluft ZC> 1 ) — (/^ : then from the int(‘r- 
scct ion of with tlu‘. horizontal through H (the bighci^t point of FlltiK), 
prodiif o f//’t<> v, making </.s-=f//"; through j/ <lraw r///. ])arallel to ( >Z, and through 
s diaw horizontal. ^J’heii is s 7 / the horizontal thrust a\ hich a\ ill be furnislu‘d 
,it II to ^eep FKH(r in place, ami htj is the*total ])ressure upon tlui joint Fl^', 
acting at the point of intersection of FI^ ami htj. * 

Tn like manner tlie firessuieon the o*ht‘i joints is ascei taincd. Jt Avill be 
seen that the horiztmtal thrust gets h‘'>s as we go fiirthei- from the ciowii (sA 
being much snialbir than (te), ami at last tin* j(*sultaut yiressure cuts the join! 
Avitlnn the Timits of the joint Jt self, showdiig that tluae no horizontal thrust, is 
nc<*essar>’. . * ^ 

Ins'teail ' 7 >f taking the thrusts as acting at tlie to]> of caidi joint w'o may take 
tlie central third, 01 any other limits <»f sbibility. 

In ascertaining t iTe pi(‘ssure’ on the |oint at the springing, a\ e luay c*it,liei 
(•(aistruct it*gra])liically, <»r we may <M*i«i]mte it by (n) linding tin* resultant ot 
all the vertical for<*(‘s acting on y given*sti-ip between 1 w’o meridional ]>lanes ; 
{h), linding the resultant <»f ajlthe hoiizontal forei's ('.g., (V' apjilied at L .ind s// 
apjilied at 11 ) ; (c),, <’ompoiimlin^i^ these two ri'sults. 
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Ttie tochnic/il torms adopted iii the •jase of retaining walls are 
generally as follows : - , * 

liHaiaiiKj JFidl^ j)roperly speakipg, is a])plicablc to a masonry, 
brick, or concrete rcvet iAeiit built to retain an ij^rtificial j)ank 
of earth., 

Ih'cud the name applied id tht ^-evetmont built on. the 

scarp of a cutting in natural soil, to prev(uit, disintegration or sliding, 
(lenerally breast walls have to sustain much less thrust than 
retaining walls of the same height and for the saTiie earth. But in 
cases where there are strata of rock with alternate layavs of clay 
sloping towards the l)reast Avail, its thickness may recpiirc to be far 
greater than that recpiired for an ordinary retaining wall. 

Batter is the slope given to the face of the wall, thereby giving 
(.ertain advantages in poii^t of stability, which will ]>o noticed in due 
course. 

Buttresses are projectionsMn front ot a retaining or a breast wall. 
Cov nterforts are proiections at the ^back of a Avifll, largely used in 
days gone‘by, in fortification, to limit the e ffect of breaching shot,' 
and to^confer stability. It ,is, howe^r, very douKtriiFif ’ tKey are 
not a source rather of Av^eakness th-tii of strength, and they are now 
not iiiuclf used. * ^ 

Land Ties^^ro iroU rods connecting * the face^ of the Avail Avith an 
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anchorage embedded ia the solid earth behind, so as to give further 
rcsisi-ance against OA^ertiirning, etc. 

Siirchirge, — If a retaining •wall supports earth which slopes 
upwards frflfia its summit at an angle which niu?5t ncc.cssarily be 
less than the of J opose,*thc height of the om1)aiikmont at the 

top above the mghest part of the wall is called the surcharge. 

/riie Angle of liepose'*' of the earth i^the angle at which a ])ank of 
that particular earth will stand periiianently when^the weather has 
ycstro5’ed the cc^iesion of the particles of earth, IcLiving the earth to 
depend for^its stability on the friction of the 2)articles alone. The 
values of this angle for various earths is given ip Talde V^II. 

Table YU. 

Angles of lleinm a^d iJoTjjictmU of Frirfion of rarions Building 
• * , * • Materiith. 



• 

^ Material 


* C<¥‘Hieieiit of 

friction - tan 0. 

0 

r 



« 



DeyreC'. 

JSI.ison r 

' and brickwork dry ' , 


•(i 

l«» -7 

,•51 to 

:i5 


with wet mortal’ 


* 

« abo’it ^’17 

al)out 
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slightly damp nioi tar. 



•74 


3()', 


on dry ela^^ . • • . 

• 


•51 


27 

- 

on moi.si c-lay 

] 



- 

ISj 

'i’luiher 

on Slone 

1 

1 


•4 


22 

lion 

« 


' 1 

to -.-t 

:ir> to 

(52:: 

'riniher 

on timber dry ^ . 

f 

•5 

., -2.“) 

2(5 i „ 

14 


,, ,, soaked 


'2 

„ -04 

11^1 „ 

*2 


metal 


•0 

*2 ' 

31 ,, 

in 

-Metal 

j * 

• 

« . . 


•2r> 



,.-I5 i 

14 ,, 



* See p. 30(5, I. Professor Kankiiie says : “ ’'Die p] Opcrt)es^»f curth 
with respect to adhesion and friction are so variable that tlie engineer should 
nevei* trust to tables . . in designing earthworks, when he h«s it in ins 

power to obtain the »Jeeessary data either by observation of existing earlh- 
woiks in the same stratum or by experiment,’* ' • 


Table show in{> 
angle of rei»< ».s(' 
rrf various 
materials. 



'riii'0<" onuii 
tinns of flu iisf. 


'Phrco coiidi- 
tions of 
stahility. 


Anr/le^ of llepose of Various Karths. 
(vhioHy from Newman’s SI?ps and ,s'}d>sid( 0 }rf.s). 


r 

j Karth. 

An^ 

Ic of ^Repose 

0. 

f , 

Sand, very line and dry 

* 33 

Dogrt c*s. 

to 27 


,, wet 

1 

1 

20 


So f t cl la 1 k , 1 m pure and ar<.^ il 1 aceo us 

32 

to 20 


Vegetahle earth, dry . 


„ IH 


,, ,, (loam) 

33 

„ 20 


,, ,, very wet.. 

17 

,, Lt, 


» > 11 

1 

i 



('lay, dry 

i 

20 , ' 


,, (hirnp 


IS 


,, sound yellow , welldraim‘d 

20 

to IS 


,, wet 

t 

<b'M\el, clean and eomjiact 

17 


i 

,, with sa,nd 

' 

20 

1o 33 

r ' 

Loose shingle 

So 

J 

[ 


V\ y>C‘r 
fnlnr^ut. 


S<)1f ]1S1))S. 


Coetfirioiif, 
of friction. 




100 to 1^0 Ihs. 

'^Idl(‘ coct- 
I iicM'nt III 
j.lll .-.IM'S 

1 -io to j;r)ii)s. 


!M)lo I 10 Ills. ; 

i 


III order to irivcstiicate the cllect of the thi iist of a liaiik of (‘arth 
lii^aiiist a wall, it is necessary to know tin* tliice conditions, viz. — 
iiiagnitiKle, direction, and jioiiit of a])]ylication oV that thrust. 

In order to investiga.te»the stability of a given wall to resist this 
thrust, we need to com hi no the weight of the wall with the thrust 
of the earth and see whether the resultant [iiessure is such that the 
structure is safe against overturning, crushing and sliding. 

There are, however, certain diiT'cultitJr^ in the^ theoretical inves- 
tigation of the tlintsc which make the exact determination impossible. 
The theories on the subject which will hereafter be given are at best 
approxini.fte. So indeterminate, indeed, is the jiroblem, that sonn^ 
engineers^ simply follow the empirical rules given in Part L, pp. 
.’VJ122, without any modification duQ to theoretical considerations. 
This, however, seems to be unjustifiable, because it is clear, at all 
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events, that the direction of the thrust of the earth, as well as its 
niagm tilde, must depend* to extent perhaps which is not cpiite. 
known, hut ji;one the le>s certainly, upon the angle of repose of the 
soil ; anfl that the resistance ^tlbrded liy the wall niiist depend upon 
t lie weight of ^e*inaterial of which the wall is Imilt. Both Uiesc 
considerations will allect to a very great extent the stability of the 
Ntructurc, and neither of them hav^e bSen taken into account in the 
empirical rules rcferiaid to. ® Flence* some theoretical investigation 
m evidently desiftihle, even thougJi in our present state of knowledge 
it may he lacking in precision. , 

'i’ake tlie case of a mass of eartl^ (^b/- 20h) supported hy a wall of 

* * fjiiliirc 111 A 

• It.lllk ot (Mltil. 

C JI 



. . 20 (). 

AI). If we concci\(’ lie; wall to ]>e entirely remov(;d, a wedgi^ or 
pri‘>in of earth Al^»( ‘ «»t a gi’eaXer or less size, accoj'ding to the con- 
sistency of the (Ml til, will (as a matter of exjierieiioe) he first 
detached fi'oni the gcner.d mass. Let JIG he the limj along which 
rupture takes jilacc* Then,*a,fter a certain time, the inflinmce of 
the weather wilLha ve the ellect (3f detaching successiv e particles of 
IJ(U1, until ultimately the hank will assume a slojie illf, the natural 
slope of the earth, making an angle «/> witfi the horizon, the anghj of 
re[Kxse, which will he a constant whateAip*!' the hm'ght of the hank 
may he. , • ^ 

Now the prism DA(^ {Fuj. 207), if in onr Will he in e^juilihrium 
without exerting a.ny pressure against AJi, hecause its tendency to 
move down BO will h(‘. met hy the frictfon of the surface.* ^ 

But if wc consider another prism BAE, where I>E is at^a gmater 
angle than the angl^ of reposts, it is clear that ihjs will exert against 
the wall a pressure ihie to its own weh^ht, and diinniishcd hy the 
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Position of 
lin(M)f greatest 
tlinist. 


friction of the earth on the slope BE. If tjiis prism be very small, 
as BAD, close to the wall, it will evidently exert less pressure than 
BAE. There mUst, therefore, be some prism or wedge' oetytsen AB 
and BC, wlicre the pressure on the back of the wail i^s«'a maximum. 

It can be jU'oved (see Appendix I.) that this maximum pressure 
occuis when the area of the triangle BEF — ABE, EF being the 
perpendicular on ]^0. AVhen tbs top of the bank is horizontal, the 
angle AB is bisected, in such a case, l)y BE. i • 
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We can, on this basis, ascertain tin iiuu}nit\i<h of the greatest thrust 
on the vertical face AB, which need not necessarily be the back of 
the wall,'l)ut nia}^ Ixi taken as any ver^ctal plane at right angles to 
the section of the embankment under consideration. 'Fhc (HirAhni 
of the reaction of this plane would be normal to its face. (if there 
were no friction), and the (Uh-ouut where 'zc — weight of the 

earth per unit of volume, and ./* — EF, the perpendicular on B aboyc 
mentioned. 

If (in Fi(j. iJOtS) wc produce (JA to Q meeting the perpendicular 
from BC at G, and if we draw AH at right angles to OB, and call 
BG = c, AH^^r, BC it can be proved (see Appendix) that when 
the thrust is a maximum 

.r = h tan / ? - Jb tah /3 {h tan /5 n) — o-J c (c <t). 

Magnitmieof Hence tljie maximum thrust 

• I * 

Nq.w as ,6; and a arc known quantities, if wo can by any geometric 
methods obtain a gra^diic value for the expression \vdthin the brackets 


* For proof see AppeiKlix. 
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we f»ve found the ammmt and the lun-izmkit direction of the maximum 
thrust. These geometric metHods will presently bo detailed. 



Fi,j. l>08. 

• • • 

The direction, however, will be ^modified by tlK> friction* on the 
plane AB; the total amount of swch friction must therefore ]>e 
compounded with the amount just fouml (which we may call 'i') to 
give the total value of the tlfrust As tlui cocllicicnt of friction 
^tan 0, the amount of the thruilt T dnie,t(.) friction will T x tan </>. • 

Hence if 'we rcjU'csent the t^irust T by a line <lrawn to scale IMJ 
(jFVf/. 209), and draw angle PQli — </>, then RP .component of 
thrust duo to friction, and tlic resultant jiressiire T' at the back (d’ 
the vertical plane wdll bo 'represented by KQ,* 

The point ttf appUnUiun of this tlnaist is, h()wever, still to lx* appli- 

aseertiiined. It is evident that the total pressure on the vertic,al ImViirtViniJit.^' 

* 'riiis is Dr. »SrliefHc#-’.s theory, ^iiul is at le^lst on the .safe side. I ts aouiii acy* 
liowever, is open lo (picbtion. Ac-rordin^ to it the ti ielion iiici easos the ovei - 
turning force. This, yi the cxlrtune case of a wall haviiu:, a veiy great 
t!(H‘tlicient of friction, would involvo large ])rc.ssure intc‘nsi(_\ ou the material, 
which seems niijirohalde. Mr. U'rautwine poijiiei out that if a w^all were to 
ovcrtjira round its outer toe l\,{Foj. 214) its hade Dliw'ouM n.se, and in so 
doing would rub against the earth in eontacJ*vvith it. Tin’s rul)l)iug must 
evidently itoptdf' the oveitui^iiiig. The friction, thcitdoic, must asKist. the 
.stability, and not a.'ft^ist the overturning thiiist. To wiiat extent it would do 
so is diflicult to determine, because the full friiaioiiai tes]stamM*»will not he 
develcJfied until rotation has actually begun' (see Mineliin’sASVf/^/f.v, Vol. I., p. 08), 
and in that case it is not possible to .say uhat^mouiit of eai tii thrust will now 
be developed. All that one can say is that, althougli Dr. SchGlflci^ thnist 
may err as regards its magnitude (T' beiiig=T taii0), it is, at all evenly, on 
the safe side, and as ^t is improbable that T' will fee as little as 'f sin 0 , the 
difterenee in ordinary cases of angles of repose, about '2i\\ wib not be .so gieai 
as to matter very imidh, or lead lo practical reduction of^the .size of tlie 
Avail. • • ■ • 
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])lanc varies as some function of I, lie height. In water it varic.s as 
the square of the height, the pressure rjiiformly increases Witii 
tfie depth. If the soil be homogeneous, it is probable that this is 
also the (rase in tjie pressure on a vertical plane in a bank of earth, 
and this assumption has licen adopted as practically in/- Professor 
liankine, Dr. Schehler, and all writers who have treated this subject 
theof(3tically. 



/<V//, 201). 


UiinUiiK' - 
fonuul.i'. 


Profes^jor Iiankinc, h()we\er, also (‘onsidervs that the pressunj acts 
in every case parallel to the surface. riii?'i. tjintamonnt to saying 
that in a wall with a vertiral back, without surcharge, the direction 
of the pressure is horizontal and is similar to watei' pressure. As 
this takes no account whatever of the valuations in various classes 
of earth, it has been discarded by subsequent writers, as there 
evidently must be a dillerence in the direction of the pi-essurc 
allbrded by a wet clay, and by a dry sand. 

Professor Ihiidvine^s equations for the value of the earth thrust are- 
(1). For a wall without any surcharge 




1 — sin (f) 
1 +sin (jt 


irh- tan- 


.(a). 


(2). For a wall with an indefinite feurcliarge, the angle of the* bank 
with th'‘ horizontal being — 


wh^ /I bos 6^— 0 - cos- (h 

cos ^ 

j COS 0-h ;y/cos- 6* — cos- (fi 





L'oT 

111 the above value of the earth thrust in lbs., weight of 
eartB per cubic foot in»lbs., height of the back of the wall, or. 
other vertical plane, in feet, (/> is the angle of repose of the eai th. 

In any cafe-, however, we ipay take it that with <iarth of a fairly 
h on logcrieou spitfire we have the pressure uniformly increasing koin 
the surface dovvnwards, ami hence the centre of pressure .will be at a 
point q of the height of the plane fronf the surface. 

have thus found tln^ mag!?itud(‘, directioM and point of 
»p])lication of tlA resultant (iarth pressure at the back of a vertical 
j)lane in a mass of earth, llefore going on to show bow, by means 
of .sim[)lc geometry, we may obtain, the magnitr^de of the hoi*izontal 
component of the thrust grapliicalt}^ (the \alue of which may be 
corn])ared as a check with Itanki lie’s e(juation («) above), it may be 
as well to point out the (b;fects of the tkeory as stated. 

^ .Drjrrfs of the Than' If. ^ 

I. ’rile assumpti^iii that th(‘, sui fact; along which the rii[)tu^e takes ()i>n‘( lo 
place (EB, </’///. ‘J07) is a plane. It Avould be jn’olTibly (jorrcct, or 

nearly s<j, in clean, shai’p samj, whe.re th(‘ soil is devoid of (‘ohesion, 
and is homogeneous. It ^'ollld be considiu'abl}^ in eri'or in tough, 
tenacious soil. • 

II. Tliat the direction of the resulta?it*])res.sui’e is inclined to the 

horizontal at an angle - to the angle of refiose, is an assumption not 
l>y jijiy means proven. » i * * 

III. That the point of ^a[)j>lication of the resultant priissure is at 

tlu*- lunglit from the- surface. This would really ordy be true Avitb 

perfectly liomogeiieous soils. 

While recognizing these defects, it may be said that no tlu'oiy has 
as yet been advanced Avhich eliminates the uncertainties Avln'cli 
surround the su*bj(M’-t* and, in 'default of better, we can at all events 
apply the rules which are thus given to us with a very reasojiable 
amount of securit}', ami fair economy. 

Grn'j.thn‘ Method oj FimUiftf Thro.d. 

We now ])ass to* the consideration of the graphic methods of find- loapliM* 
ing th^ thrust, which, as avc have seen above, is ex])rcsseil by 

1 6'— x/r — rt)J - X \i0. 


From Piofessor Baker's j\I(iscx){ry Coiafriicfiou, ])]). a suj. 
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There are four cases — 

• (1). When the surface of the earth horiisorital. 

(2) . Whert the, surface has its maximum slope = </>, the angle of 

repose. r 

(3) '. When the surface has a slope less than <j). J 
(i). When the surface slopes ujj to the wall. 

Cases (2) a?i<l (4) are of rare occurrence. 

CaseI. Sur- C'ask 1. — Snrfare honrjonf(d, 

face horizontal o]0, jiroducc the surface to meet the perpendicular from B 

at the point (t. From centre G, with radius GA, draw the arc I’A 
(3 then B P = V c (c — a)- 



JB 

Fi(j. 210. ‘ 


For, AC being perpendicular to GB - 
G P-’ - GA-’ - BG X 


hut BG r,and GC c-a', GP ^ Jc ((\ — a), and BP ~ Jr (r - a). 

Hence 

Case 2. Bank CASK 2. — BanJc dipping at an angle = (f>. 
an^e=</)f Hci'c {F'uj. 21 1 ) c = ft ; hence c - a ^ ; 

,, , c — J c Ip — ^~r~ c •— xj\ f 


Case 3. Tkank 
sloping at 
an angle loss 
than 0. 


Cask 3. — Bonk doping at an angle less than 0. 

Produce the line of ’the bank to meet the pei pendicular from B, 
as before at G {^Fig, 212). On BG describe the >semi-circle GOB, and 
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from A draw AGO at ri^ht angles to GB, and from centre G, with 
radius GO, describe the* arc 

Then ^GP - O - .v/BG x GO = ; 

PB - Jc (c-a). 

Hg^ce == 1 



* Fkj. 211 . 



Case 4 . — Bank stoping up io the nail. 


, C VHK 4. 15anlc 

According to Rankine’s theory of thejbhrust beini*; always parallel tllu vlalL*’ ^ * 

. • s2 . 

1 * • 



i)f frovs 

Mfrtioii, 


Data for tn.il 
s<.*ctiun, 


•2G0 


to the HUiface, thcic would here be an upward tlirust, which is 
evidently impossible. 

The geometric “onstruction here {Fio. 213) is the samcp as in the 
former case. / ' > 


G 



Jh'siffti of llie inUL 

'Fo ascertain tlie foi ni of tiui cross section of the wall we must 
evidently assume some form, and see whether the three conditions 
of stibility are fidtilhul when the tiniest st*Jic hack of the wall is 
compounded witli the weight of the assumed section. 

In the dimensions of the assunuMl section tiie top width may he 
as small as possible, consistent with j)ractical re(piin;ments. It will 
be governed by the consideration of the object foi* a\ Inch the wall is 
intended, ej/., in a dock the width at the top will be greater than in 
an oj-dinary i*evctment for a fort. As there will generally be a 
cojhiig of some sort, 2' is about the least width that would he- 
ad mi tted in practice. 

The width at the ground line may be taken, as a trial, at some 
ratio of the height, mcasuie<l normally to the face. With brick 
walls and no surcharge, of the height will geneivdly be found to 
give fair results. With heavy stone, such as granite, less widtl\ will 
sulhce. But in any case this width will be ultimately dependent on 
the angio of rctiose of thc^ e. rth retained, as we shall see when 
workhig or;t an exam pip, a loose dry sand requiring less width than 
a soft wet chi}'. < ' 

With these (h\ta a trial section can be drawn, as in Fi(j. 214. The 



plane ag.iinst which the overturn in«^ tlirii^t should be lalculatcd 
wifi be tluit ascertained b 3 ^^,drawin‘^ a vertical line to the .sni fa(;.e 
fiom the inner edge of the base (I>A, Fuj. 214). Tlie forces, then, 
whiclf ten^to maintain stal^ility are the weight ol, the wall plus the 
weight of triangle or Avedge of earth Alii). • 



To ascei’tain the stability of the A\ail minni-f nrct hn tiimj, the st.n>ilit,v 
lesultaiit thrust T' on the })lane IIA my.'^t be coiupoimded with tin* 
i ('sultant weighs AV of t^ic A\j>jjl and the wedge of ('artli A 111), acting 
through the common centre of gravity. The resultant»R of T' and 
AV should cut the base within the cent re third, my as to obviate the. 
chance of an}" tension being brought on the joint at 1) (•ee p. 

Parti.). ^ 

The stability' of the wall ygain.st rru'^hiiuf cap then be investigate*! 

]>v formulas (a) cir (y), p. .'102, Part i. The distiTnee */ from tln'in^lnn- 
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Sta})i]i ty 

aj^ainst 

sliding. 


hiircrt <»f 
l)att<T. 


FoTiiidalioiis. 


Broadth of 
concivto. 


outer edge H of the centre of pressure a is measured. The value 
of the normal component N of the resiiUant {)ressure R is estimated, 
or measured from the drawing. The base HB or t be^ng known, 
wo know, in the formula t * 

Y = (^2 - (Part I., p. 302), ^ 

all the expressions on the right side ,of the equation, and ic'^y 
therefore find'Y, the maximum pressure in lbs. or tcjns per square 
foot, on the outer edge. This can then ])e eomj)ared with the safe 
resistance of the matenal of wliich the wall is built. 

Tlie stability of the wall against slkliruj can easily be ascertained 
b}^ measuring the angle which the direction of the resultant It 
makes with the normal to the joint at the point Avhere R cuts the 
base. This angle should not be greater tba*n J offthe angle of repose 
of the material of which the Avail is built, Avhich is, of coiirs.^, a Very 
difh'Tcnt angle from the angle of repose of the earth (see p. 306, 
Part L, >. .asonr^,^^n damp mortal' say 30*"- -,‘^5“.) 

The batter on the face of the avs?,\ 1 has a double effect in assisting 
the stability ; it tends to throAv the e'entro of gravity of the Avail 
further l)ack, and therefore brings the liKC of It nearer the centre of 
the joint 11 B, and since the cpurses\ of masonry are built at right 
angles to tlic batter, there is less tendtuicy to slide forward than 
there would he if the courses AA^cre Irorizonlal. It has al^o the 
advantage in point of apparent staliility, for 'if ilie Avail is originally 
vortical and gets pushed out of plumb, it to he unsafe. If it 

has a, hatter originally, the difference is not manifest. 

^ Dvu'hjn of fhf' Foundotions. 

This Avill vary Avith the soil on Avhicli the Av^all ifr built, but in any 
case it is desirable to distribute the Aveight equally. 

Wo may assume that the soil is sufficiently good to he capable of 
hearing a definite Avcight per square foot. If special treatiiieul is 
rcfpiired, the same broad pripciplcr. as hereafter detailed Avonld Ixj 
folloAved. ^ ^ ^ 

We may diaw the base of the concrete bed XZ {Fuf. 215) parallel 
to HB and at some depth l»eloAv the frost limit (see p. 280, Part I.), 
say P, nui' serial vertically beloA*" H. Then produce the back of the 
Avail to qieet XZ at Z. 

The base XZ Avill he ciit at some point / by the direction of the 
resultant K. Mike /X^/Z, which will give an ilpproximate Avidth 



263 


to the base with a uniformly distributed pressure all over. If fX 
remits in a very long projection beyond the toe of the wall, it will 
be desirable to limit it so that XK = HK, the prolongation of the 
face of theSyall. . * 



A thickness of Joncreto fnay be tlieri taken, i^iiy -I f(‘et, and HO Tlncknrf'- 
inay be drawn representing the equalizing line for the ofisets of the 
footings. AVe, can then easily find the ]|rossnre on the foundations 
(1) obtaining and coni pounding the centres of gravita^ of the areas 
of concrete and footings, calling the wei^it of the foundation work 
Wf, acting at appoint nfarked^e.g. {Fir/. 215 ); (2), by eonqifninding 
It \yth AVf ^ve obtain T?,., the total residtant pressure (jT>thc founda- 
tion bed ; (2), resolving normally, as licforc, wc obtain N.,, the 

normal pressure which should cut the hase ap[>roxinuTt^ly at the 
centre. The inaxiniuni 'Stress intensity will then he N,#rl)as^, and 
ishould be within the safe limit of the soil. , 

The projecting ’toe of concrete wjll be an inverted cantilever 
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Wall nitli 
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JMcHlilicjitioii 
t>f station. 


iniiforrnly loaded. It should not he too long, or the concrete will' 
‘tend to Clack along the line 00' at 0't» 

. /t 

T/iIrknrs^ ftf 7j(tsr for a IFall 7/>'>fh a [fivni Sur/ tdi'f//. 

Ill the investigation for earth thrust at the buck of' walls retaining 
a haydv of eai th, the sloj)e of which is inclined to the ho' izontal, the 
surchaige has Ix'en taken as s/dlicieiitly^^great to ailniit of a line 
drawn fi'orii,th(‘ inr.er hast; of the vertfcal wall at tju; natural slope 
of the earth meeting the sloping surface (!>(', Fu/. 212). The 
pressure will not he atlect<;d hy any increase of surcharge beyond 
the limits of 0, and therefore such a wall may be termed one having 
an indefinitt; sui’charge. To meet the case, fretjuently occurring, of 
a wall having a given surclnirgc less than that indicated by Cd 
{Fif/. 216), su(;li as V'd', some moditication h the va,hn; of the thrust 
is necessary. To tind this out hy any grai)hic metliod.'w ould he 
dillic.ult, hut the ])rohleni may he solved apj)roximately hy adopting 
a modiliyation of the base thickness, as proposed by Professor 
Uankine, as hTlows : • - • 

Jjct li - the height of the wall. 

r the height of the surcharge. ^ 

/ — thickness at the base rc(piired for the wall when the hank 
has a horizont'td cop. 

/' r- thickne.^s re((uii’ed at tin; base )vith an indefinite surcharg(‘, 
aOd wh(;n the nKU’inium iiifcih-d?/ of rofvprrssion is -the 
sanu; as when the toj) is horizontal. 

/' — the re(juired thickness for the wall wifh the given delinitc 
surcharge. 

Ttien 

„ _///+2r/' 

^ Ti- 

The application of this practically will he seen in an exam[)le. 

Misrellountns rlaiimj fo lleioiniiKj 

The design of the cross se(;tion of ;• retain ing wad must fi’equciitly 
he modified from various circumstances of site, or loads likely to 
come on the cailh above, and other causes. 

Where, for instance, the phin of the wall is on a salient angle, 
the thickn-jss should he increased, as the wall will evidently thei*e 
he in the j)osition of a wedge with a .thrust frohi the point of the 
wedge. The tendency to fail will he increased if the wall has to- 
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horizontal pressure P on the vertical plane at the end of the bnildiiii; 
beyoTid that wliich is due to the earih itself. The intensity oV the 
vertical pressure at D, the edge of the building, is weight of 
the building pev unit of surface. CaVing this unit /eighfi the 
intor’isity of the liorizontal pressure due to it ^ 

W. + sinj^\ 

• . . • • 

which acts ;Tt CA^ory <lepth below the building on the vertical plane 

DC, its total amount being ^ 

'' I -j-,sin (j) 


IliittrrsM’d 
Imi i/oiiliil 
iirrlics. 


where ./ -■=the depth ED fr^'m the surface to the botj^om of tlie 
' foundation. In addition to thi.s, there is life hoi’izonftil jmessuro tine 
to the earth itself on ])lane DC/, Avhiclf (hy Professoi* fcartkine’s 
formula) is 

^ l-sin*0 ‘ 

« —ic. ' • ' — — ' . 1 

2* 1 + SI ri (f) 


This ])rcssurc lias its centre at C, whci’c CC^^f. KC, Avliereas the 
other pressure, due to the building alone, has its centre at F, where 
FC iI)C. t • 

'J'Ik'sc tAvo pressures make up the tdtal pre.ssuj*(i on the retaining 
Avail Avlien llio.front of the building ft If the building js at 

some distance l)cliin<l A, the pressure is diminished to rai extent, 
Avhich is, howoAer, uncertain. 

Buttressed horizontal arches {Fi^. 218), coniiccted in some ea.sos 
above by means of arche.s, or below l^y inverts, are h‘e(p^3ntly u.sed 



;is retaining Avails. ^Professor Kankine gives thfl folloAving rules for 

the buttresses^. — 

# ■ 
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Tf T thickness of a buttress I)E. 

the mass of earth#against one buttress. 
h == brefidtb of the buttress. 

/-^^thicKuess^ which avouW be required for a r^jctangular wall 
to su|t;iin the same bank of earth. n 

?^* = unit weight of both wall and buttress. , 

// =. height of both w«all and buttress. ® 

Then, jquating the Momeifts cf Itesistau^jc of the buttress and the 
equivalent rectarf^ular wall about their outer edges— • 

• ■ T ^ ^ 

vr//T/> ichtVi ^ , • 


whence T —J. , and h , . 

o ^ I) J- “ 

This laKos no account of the weight of the arcln's ])etwe<‘n the 
buttresses. . « , . 

As regards the constru(‘ti(ni detail^ of retaining' u<?jls gem'rally, 
^00 [). Part 1. ^ 


The practical applicaticni of tlic fi>regoing theoretical rules will la*, 
apparent from the following: — • # ^ 

ExAlviriiK ll.—DcHtju, a iVfdlnuK/ imU 24' h'Hfli, }>alh>i J /// 5, 
inatt'dal liinesfoiui irrifih^K^ foCT Ms. per rul/ir Joot, TIjc -svy/V fo hr 
vrhfirK'il is rlaff^ irtyjhiiitj 120 per nihir faol^ (Did iriih, an aiHjIf of 
rrpose of *29’. The Jounddfom is on sound jielloK rlaif rujxiidr tf 
hcaviiKf (I su/r loud of f) ions ^7C/’ st/toirr fooi (p. 2S8, Ihtii 1.). Thr 
fouJidaiiini l^ed io hr of conrreir wehjhinp 1 10 //as. prv rnho Jisd, rn}njH>srd 
(f 1 crnifiiit, 2 sondj (> hntkrn stone. Com pore the ndne. of Ho (orih fhrnd 
found ffrapJimdiii iritJ? iluii fonn^l ht/ linnkliHfs form nio. 

It may be ol)scrv(;<l that the mateiial of the earth to ho ictained 
in this example is by far the most troublesome of all the soils which 
an engineer may be called upon to revet. The swelling of clay 
wlien wet causes a thrust at the ba(dv of’ relaininj; walls, which is 
uuquestionabl}^ veiiy great, *and tl^e nature of Avdiich is v<*ry imperfectly 
uudergtood. The most careful draining is, thcrefoiv, n(*c(^ssary, the 
dry rubble packing at the back of the wall, and the ample provision of 
weep holes, are, in the case of such soils, more than all others, aV:olutely 
indispensable. 74ic angle repose is comparatively sinalh,oidy,29 
and hence, even witfti a comparatively heavy niaforial, such as that 
[iroposcd for this example, it, is jirobiihle ,that the widfli of the base 


K\vmi>j,k 17 . 
W'jill without 
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will riMiuirc to bo iiioie than .1 height, usually taken as an approxima- 
. tion to economical recpiircments. n " 

Ti ini Milne for If ^vc start by taking a base of .1 height = S feet, and follow the 
graphic constriiction in Fuj. 214, wi\ shall find that/ the resultant 
pressure cuts the base outside the centre third. 

Increasjng the width of the base to 0-15, say 2", and making 
fiUthe.]- trials as in Fiff. 2, Fht/r XX., the resultant pressinc now 
passes just within the centre Ihiixl. /hhe calculated data necc.ssury 
for constrVadion are— ‘ 

Earth thrust 'V j 


HP measures 10*2 f(;et, and ?r^-uuil weight of clay -^120 lbs. j) 0 i 
cubic foot. 

T - 1 X 120 X :)-2- = i:t.S(;2^1bs. --- 6*18 roes" 

, ‘ s 

The weights fjer foot run of the masonry and wedge of earth 
are - -- 

IMasoniy , • 


- 150 X 1^. X 2 X 24 + X 2 1 x 8*8 .^8*8 x'l -81 

-20,028 lbs. ---9-21 tons. 

Karth wodi;e ' 


120 X I ' X 2*2 X 28*81 - 2 l05-(\ fhs. 1 *52 tons. 


Hence total weight W::^10*72» tons, acting at the eommo]i centre (4 
gr.nity. (To find this, see [>. 12, Part I.). 

This weight must be compounded with the thrust T' ht the back 
of the ])lane AP, acting along the plaim of Constructing the 

triangle of forces at ! of the height AB, Avdiere 'the base of the 
triangl(‘> - T - 12)8()2 lb.',., we find T' 15080 Ibk 7‘0 tons. 

Conn)ounding T and ‘AV, Ave find the direction and* value of 
It -- 2)4 190 lbs. — 151 tons. 

Of this ])ressure, the component X, m^rmal to the base, is found 
by n?solution to be 33,000 lbs. -- 1.7 0 tons. 

The inaximum intensity of pressure Y at the outer edge V)f the- 
base Avill then be found fi'om ecpiation (a), p. 302, Part I. 
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\vlicn Y maximum ]ues.siirc in tons ])cr sc/uare foot. 
• X ^normal prcssuit; in tcgis- 15*0. 
width of ])asc-^9-ir) feet. 
iLr disL'ince of contre o^ pressure from outer 


« 


Tie — .‘VI feet. 


Y 




2x15 

9-15* 



:w;viy 

9*i:i /'• 


:>-22 


ton^v 


As tlie •iiushing resistance • of limestonp. is at, least 175 tons per 
s(piare foot (Ta])lc 111., p. 28, Part 1.), this leavers an ampl(‘ niaii^in 
< )f safety. 

The angle hetAveen N an<l R is 12"' 10', Avhich is h'ss tlian * of the 
cingle of r(^jir)sc^of mason i«f/ ^with wet moTtar, /.e., ‘ of 25.^ 20" 21'.- 

It is sutfiej'ent to ^onsiijer the moi tar (lam}:> in ])raetjce, /.o, 
angle ^ 30\' 

The section is dluM cfQre .safe agaiiist o\airtiirn ing, erushing and 
.sliding. « ^ 

\Vc may uoav ])i()cecd to thejtlosigirof tin' foundations. I^’ollowing 
the construction as di'scrilM.'d in the foregcn'jig page's, we ohtaiji loads 
as follows , 

IMasoniy in footings- • • , 


150 X 2 X J0 4^' ^.3,135 Ihs. I’ll ti>ns. 
(.'oncrete • 

— 140 X 2 X l() — I, tSO l]>s. 2’0 tons. 

Total weight of ff)undations 

• .3*14 tons. 


Find the centres of ij*ravity af^il lay otl* the valiK's A\', and I^. 

(5)mpounding as }>cfoi(', we o))tain the value of !?,, w !in )» measuiajs 
lS-45't()ns, and cuts tlie base at 9 fe(jt fj’om tiui tot* ot 1 in* co]n*r(*te. 

Two f(5et of this can he cut otf as unnect*f>saTy ior struct ural 
reaso’ns’, and so bring the resultant to the c-.*ntr(a 

The normal coinponenfe N, 18*,31 tons, and the maximum of 
j)rcssiiro Avill N,. ^ hase, sijice \he load is etpial)}' disi l ihiitetl all 
over. * 

Hence Y = ^ ^ ^ — 1*.31 tons, which is well within llTe limit 

(5 tons) which the soil can safely hear. * 

To compare Rankinc’s thrust Avith tliat found gr.iphically, 


Ave 
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KxASiri.K 

tSurchaim- 

wall. 


li<‘ivc .seen that the latter (T) = ^ 13,862 lbs. 

. formula — ^ 


^ 1 + {^m 0 


when w - weight of earth per unit of volume. 

*' h -4ieight of vertical plane under pressure. 

0 -anghi ©f rej)Ose of .suit* and sin 0'^ *184:81. 
Whence ' < 


I’-GOx 25-8-x 

K 


1 -jl8J_8. 
1 + *4818 


1.3,858 Ibf 


By Rankin e'» 


which is })ractically the same as T found above. 

Example 18. — Dcdijii a rltdinimj wall thr sa)/(.> (i)iuJitlo'm as 

G hi fhe ///rpiovs e.nnnjdr, hut fhr. top of the Jninh ^shtjuiKj at and the 
livUjht of thr. }>urc](ar<fr G fret, 

l^his exam[)le is given to illustrate the difrerer-ce in working for 
walls with suTchaVge from those ^ with the earth surface -at the top 
horizontal. ' , 

The essential jioint about the design is ‘that a trial section should 
be obtained, worked out. on tRo principle shown above (Case 3, 

* p. 258), where the liiaximvin inteilsity of pressure Y should be the 
same as the vakui of Y found for a widl with horizontal top, as in 
the last example. * » ^ 

In this case it will be necessary to increase the base beyond the 
9' 2" found in the jirevious example, and it is manifest also that, if 
the new A iilue of Y is to be ecpial to the old ony, the ])osition of the 
resultant pressure must be nearer to the centre in this ci^se than in 
the former one. 

Take a base 1T5 feet wide, and work out the graphic construction 
as desiaibed on p. 259. The construction 4 shown on Fig, 1, 
Plate XX. 

Then 

T = ltvBF^e=ii20x tons, 

r 

r * 

and by construction — 

8*4 tons. 

V ‘ 

Tlien, working as before- - « 

W^ i 4*5 tons, R = 20*8. tons, and N =‘20‘42 tons. 



Tlie resultant cuts tJo base 4*42 feet from H. 
(rt) becomes • • 


Hence Equation 


2 x20-42 /,, 3x4-42\ . . 

\ \*^ ~ lT*i "/ ^ sq\1iire foot. 

; former \mluc^as found in the previous example, \va 
Hence there is a difference of (V21 tons. Tlic tru^ valuq of 
le haso, in order to make^the prcsi^ire equal, will be slightly less 
u,nlV5feet. gall it 11' ff'.* • ‘ ^ 


The former \mluc^as found in the previous example, was ,‘f22 
tons. Hence there is a difference of (V21 tons, 
the 
tlui 

Tlie propej- value of the base with a surcharge of G feet is there 
fore found from Rankine’s formula * 


,,, hf + M 

'V+2r ’ 


Avhcro /" - the ^pquired 1^i<ilvness. 

. h height e)f ^vall ^ 24 feet. 

/ - thickness Avithout surcharge 9-15. 

/' thickness with«indefinite surcharge - 11*25. 
(• = ifurcharge G. ^ 

Substituting values • 


24 x^*ir) + 2 x*G X 11-25 


21 + i2 


• ^9*8, say 10 feet. 


'riie foundations would be Tvwked out in exactly the .same way as 
in the formci- example, ti%l need not be again describe#!. 


, APPENDIX. 

'I’nK nietlu')(l*of Giidiiii; the |K).sition of the plane when llie eartli Positioner 

pre.ssiire is a maxirnuin is as follow.s tu'^^whon^Vhr 

Ijet Fuf. 219 reyieseril a lelaiimtg wall with the earth ahoMj sloping at any thiusc i.s 

Single leas than the an^le of repose. Let 0 be the angle of r(p(»se, and let 0 a nuiMniuni. 
be the iinkiiowii angle which the jilane of rupture makes with the n.itnral 
slope of the oai-th PL). ^ 

Then,, considering the wedge of prism BAO, the forces aetnig on it are 

( 1 ) . The weight W of the jjrism acting at it.s^.g. 

(2) . The reaction Jl. of tlie* plane ^\B acting at AB from the siirfaee A. 

Here the friction along the plane AB is neglected, but if wm* can a'^erlain tlie 
value Sf the thrust, ignoring fiiction, we can easily find out suhseipieiiih tlie 
value of the actual thrust when frieth-ui i.s taken aeeoiiiit of. , 

(T). K', the niiiiiT^ium reaction of the plane J5C\ wdicn (he ('artll*l*^ on the 
point of sliding, Avliieh, owin^ to friction, makes an jingle with ai#. ahovt; the 
normal N = 0 . • . ^ 

Draw FE through the c.g. of the triangle ABC, and e<pftl to \\' on any 



of weights. Dr.ivv paiallol to fi jithI KH^ ]iariillel to K'. llivn tJus 

tliroo fon*,t‘s acting on the ]>i*isin ABC are as the snl(3s of the triangle 
It is re(|uii-e(l to liml tin* position of thf. plane CB so that TfF sliall he a 
jiiaviniuni. 



TT /V/. 211). 


We see (liat in tin' 1 1 langlo IfKF tin* angle (^BD— hee.ui'-.i* 

NEC 1)0' _ EBK ^HKW. Bi t • i^'Et: -- BE W, Iheiefore KEN:rrEIBv--^y-f 0, 
mil as NEH— 0, II EJ^"- (). lienee H Fl^: t.in 0=z\V tan 0, where \\’ is tlie 
wi'ight ot Lin* |)i isni A B( < one unit thn*k.'‘ I'leni’n llie niLixnnuin lioi i/.oiit a 1 
lliriist area of triangle ABC’ tan (/. 

Now in Fiij. ‘iiiO ilraw' (lie tii. ingles ABC’, ABB, as in /*'/*/. *J0S, and from A 


273 


and let fall AF, CE pt|j>endiciilar to BT) ; also draw Gli perpcndiculitr to 
BI), i^ooting at (i the snrfao# slope J^A produced. 

Let (;B = e, BL)==/>, AK = a and GE -.v, the last varyinu with the cangle 
Let the angle • 

Then ll?e liorizontij thrust on Ai>.— ^rxarca AB(v x tan ^diieh 

fr ( f fff) - x'f/) tan = A tr/j x — ‘i-- , 

“ * /> - a* eot I j 

wlicwe weiglit of earth per volirfic. • 

4)irtei^‘ntiuting fo# a^maxinnmi — 

. • {h - u- cal 1 ^) ± r) t — e<»t 

n] (th ~ ax eot p ~ 2h.e-t-€.r“ eot yS ) * 

H eot * .e- eot p / ~ 

^.e-et»tp^ 2hx = (jJ, 

wlneh IS an onhn.fr’y (pi^.dratie o«jnation for finding x. It may he w ntlen • 
• <tf) - Iix- .(• (h - X eot. p) - X V HE. 


Hut — ha'is l.he.#t nannlt# AHt^ and :r >' BE is the triang](‘ (^EI^ Heneo 
tlio eaitli tlir^jiHt is greater wliCin the ate.i Afltf - ('EH. 

Heneo HE-- a* i*rea AIK Man () 


tr \<irea CHE tan 0 

• • 

^ u* X \M<: 


J Tj 


(/!)• 


From^ E<juation (((^ahoNt*, tor .r - 


I — /> (an p - \'7> i,in p (/; (an y ] -- u), 
and snlistituting v.ilne.s of t.m y> iioin /■'{(/. 211- — 

• ./ r \'c(r-o) . 

tnaMinum lion/ontal •liriist • 


(y)- 


• Meje \'r{,' a)',, 

lor Mdiieh oi'iK'ral expression grajiliie values aie g*\en in the ie\i. 

Wlivn .the siirfaee is hori/ontal. the angle Alii) is t»iM‘eted l»\ ('H, and 
TTF— KF tan ty — weight of pi isrn A H(y tanty - J //ilt’Han ft - j // //- t.ur A (1)0 f/> ), 

since A HI) {—'2<p) is - 0)-* "I'his I he same as f»ankin(‘'s foi inula, p. ‘2a(J. 
Heneo, as in Example 14- in tlie text, the honzont.il tlirust fou*id hv the 
graphic? method should agree with that ealeiilated h\ ILinkine's method. 
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'Rkskkvoiil Dams. 

Prjicticiil Point.s in ( 'cnstriK'tHni. — History ot tho 'I’I icmh ^ of - Sinninar^ 

of till' Main Himciplt's of -The Hie.sMiie «)f Water at. I’e.st. - 

( Jeneral W'l a> V Met hod - SirHinlfoid Moh. ' n orlirs Koimid.e. Mi'ssis. 
'I’u<Isher_\ 'I’lirner and l>Mgi|tnioi e\s 'I’Jieones --/vrched Dams. A]>utinent 
W’a Us of Sm \ u <‘ I veservoii s. — Appendix. “ 

It iiiiglit he snpjiosed llitil the desieu of ;i masonry dam presented 
less diflieiilly than flint of ii i-etninine; wnll for earth, inasmuch as the 
elenuMiis ol* iinc/i.rtaint) , which, as we saw in tin*, previous ehafiter, 
enter into tlie accurate. lUxsign of the latter, are no longer jiresent 
when W’e deal wuth W'atea*. 

On tlnj otht;r hand, the heig\tt of letainiiig w'alls is seldom more 
than 10 feet, wdiere«is i-es|M,>oir (kmis of foui’ time^ that height ha\c 
been built. The Pei iyar Dam in 'Fra /aneoi (', 17:’) t'lH'.l high, built by 
Colonel Rennyeuich, ( hS 1., R R., iA t 'h(‘ highest .is y‘t Inult Uie 
Chaitrain Dam in h’r.ince Ixu’ng ne.iil_\ as liigh Iml tlime .are some 
of a greater height, now' under eoiisiruction in Amma'c.i, notabl\ 
the (^luaker IhaMge D.im for Xew' \h>rk, which is iMO b'ct high. 

llowi'.ver wadi, praetic.all\ , approximat ' c.ilculatioris may do in 
the. c.tse of c.omfiaratiN ely low retaining walls, the gie.ite.r height 
and Weight of dams j'e<pii]a>! mor(‘ (exact tia'atment. The disaster 
whicli attends the f.ai lure (jf these structuies iiece.ssitates the mosL 
careful consideration of tlie conditions of their stability. 

Ill t.liest*, pages the as.suinpiion nsuall\ ,ma(l(‘. in treatise, s on tlii.s 
subject will he .adhereiDto, \ iz., that -the masomy is a rigid homo- 
geneous nias.s T esting on an (daslie found.. tion. It folluwxs, tlieicfore, 
that ill .actual con.sti uctioii the utmost c. ire should he taken to ciisuic 
homogeneity thrmighout ; the masoniw should he of uncoursed rubble 
or (aiiici ete, wdtli no horizontal joints ; tlierc should he no voids or 
hollow’s jeft in an}’ jKirt, every stone shovdd he fiiady bedded, and a 
thorough iiicorporatfon of the courses (if couc -ete is used) must he 
arranged, d lie mortar should he of hydraulie lime or eement, and 
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scrupulous care shoulS be taken to have it free from all diity 
piii'tfrles, hence the water use(1^must be perfectly clean. Hydraulic- 
lime rather than Portland cement is now advocated by some eminent 
enudneefs, becausg it sets m^re slowly, and is, ther«fore, lesj^ liable 
to be weakened^ by the inevitable settleimmt which must take jtlace 
durini; the proi>;i-ess of the woi’k. In the Peiiyar Dam tin*, yuu tai* was 
hydi-aulic lime, locally procured, and ^uihlu (ciii’^hed brick) ; concTete 
m.ifle of tins <»;ave most e.'fccj^lent rc'^ultw in point t)f sfreni;t]i At 
the Nemuld Pe.san toir in ^^dde^. now (ISOJ) under consti’uctiim, the 
moi tartised is Aberthaw lirfie and cru.sh;.‘d rock. 'I'liis lime is ver\ 
caiefully ,i^i‘ound. 'The engineer o^ this dam is»Mi-. (b F. J)(\icoji, 

M .In''t.( F., whose experimenU on hydraulic litm* have? been most 

(‘xhall'^tlV(^* 

The fouiftlal^on of a (4»ny must !><* t.i^\(‘n to a solid rock bed, am4 F-um.t.itinii 
(•ar<' shoiild be tak(‘if that*^no watei’ ^els below the found. it ion, eithei* 

Itv h*ak<yi;'e* fnan the; rescnoir, or b^^ sprjno^ from b(‘]r)vv the d;un. 

If A\ate[’ thus ])(‘lo\y th(‘ struetui<‘, it will .seiiousl^ alle<-t, its 

stalality bv causing “ u|Hift.” \[ the \’\in\vy 1)am*in W ales 
thcj'e aj'e elaboiat(i an ani 4 (mjt‘y ts loj •dr.iiniiii^ oil water .sprin^s 

below' the actual toumLat^ou laal, which ai e well woiiii stud\ni,i^ 

(see Mfnn/f‘> of fh" I 1 io% of ih, I,„ -yftfilf/oo of ('(/'tf 

Vol. (b\x\'[., ])]). 211, • 


Jhshn^/ nffir Th < ot If (>! / 1 \iif}i ^ 

Ilefon* ])i’oce('-diu:j,’ to d.iscus^ t he j)i meiple'> ot de-iyn in\ol\ed ui 
masouiw dams, it may be ot Use l.o yixe .i biict uanali\e sketch of 
tli(‘ development ot tb(‘. theoin*- on tlu‘ .subject 

F[) to tlfb niiihlle of the pre.s* 'it ceritui'y,^ .’lasoiii y d.t m- of which 
there weia* a _i;oo(l umn}' in (ixisteiua*, e^peciallx in Spam, had ch]ell\ 
^heon built witholitfle [)i(,‘t(*n.sions to scimitilie adajilation ol mean.-i to 
end. iMo.st of thesc»\vcrc hiiue blocks of masmii y, nim-b of wliicb 
W' IS w'liolly unnecessary, and some of it* wan in d.niLier ot hmiej, 
erushiaj by the m ls.> above. In JS5.), lap\e\v!, Fremch I'ni^iimeis 
(to whosti labours about that period, iu f»uinection with .i dilhuimt 
hiMucli of hydraulics, \jz., the Wlow' of w'atci’ iu J>ipes, the woild 
at lai^e is so much indebted) liegan to in vest i_e,,ite the 1 1 ue ^>i inciple«^ 
of masonry dams, and to demonstrate that iu ley.iiil to these 
structures ccitaii^ deliuite principles .should he follow edT« Those 


I-'lOH ll 


* Aj)pLai(b.v I V. 77y» \yiit(V Sn/tpli/ n/ llornirlf^ mnl^ Uintononnf^, h\ 

thc.aiithoi. • « , 

c • t 2 • ■ ‘ 
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Principlos 
adopted by 
FreJicIi 
engineers. 


Fur < fhiin. 


Frob'ssor 

Kankiiie’s 

views. 


Xn tension at 
an> ])art. 


principles were: — (1). That the pressures suitained by the masonry 
or its foundations niu.st not exceed^ a safe limit. (2). That there 
must be no possibility of any jjart of the masonry^ sliding on 
that b^low, or on the foundation. It«was also laid down that these 
corfilitions should be fulfilled when the reservoir was full, tuid when 
it was empty. As it was considered that there would be little likeli- 
ho(^(l of failure by sliding,* J^he earliest writers on the su]>ject, 
MM. Sazilly a'nd Delocr/^ were of bpinion that ibvcstiga'uion 
might 1)0 ‘Jimitod to the,, consideration ot* the maAiina pressures 'at 
various lioi-izontal joints pdien the roservoir was full. (On these 
lines several djimstwore designed in Franco, notably one at Furens* 
in the valley of the Loire, tfiO metres high, which fairly startled the 
engineering world by its boldness. 

' The next writer on the sdbject was Pipfvssor Kaukino, who, while 
accepting the conclusions of the Frencli qvngintvrs, poiKted, out that 
some ditlbrence should be assigned to the maxima ])crmissiblc stresses, 
as calculated by ordinary methods, in front* and in^rear of the section 
of a dam. The former writers had treated the sul)jcct Jfi mucli the 
same way as enclosure walls, buttres^scs, etc., are treated in Part I. 
of this treatise, where the wall is assumed to be subject to the same 
rules as a beam, and therefo,rc the coiuponent of pressure, which is 
normal to the pressed su’dace, vitries unifoinily. This assumption, 
according to Professor Kaiikinc, is “ pfobably very near the truth in 
walls of uniform, or nearly uniform, \lii'cljn<ss : whether, or to wliat 
extent, it deviates from exactness in walls of vary ing thickness is 
uncertain in the j)resenl state of our experimental knowledge.’^ He 
considcTcd that tlie limit ado[)ted for the permibsildc intensity of 
pressure should be lowm* at the^outer than at the inner fac,c,of the (lum, 
hecanse the direction ot tlie pi-es.snre exerted among the ])ai’ticlcs of 
a joint in the masonry close to either ^ace is iietjcssapil}' a tangent to 
that face, and unless the face is \(irtical, thy pressure’ found by 
means of the ordinary fo^muhe is not the total pressure, but oidy its 
normal com])oncnt. 

Professor Pankine intfciduced anothci- and most important clement 
of security, viz., that it was most ^esiralWe that .there should be 7/o 
f('fKsi.oK (it^aiu/ joint at any sccuon, or in other words, tliat the line of 
resistance should everywhere, and under all circumstances lie within 
tlie cenVrb third of the joint. He proposed a form of dam of which 

♦ The (letailf^,of this (him, ami tlic ofileilhitions coan't'ted with it, are given 
in iSpon’s hirflonanj of 1C rivpy arti(ilc,^“ Damming.” 
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the inner and outer fjjces were logarithmic curves. He fixed the 
limit* of pressure intensity at |0O,OOO' lbs. per sipiaro foot of hori- . 
zontal surface. 

In 1^72 •Colonel (now Jlajor-Goneral) Wray/^ C.M.G., E.E., General 
following Professor Rankine’s principles, • Wrays 

devoted attentiJli tef the subject in his Sonu' 

Appli&ttlonH (if Theory to the Pntdiee^of Con- 
\stnfAion. drle considered ^that ^h-ofessor 

UTiiikifie’s limit •should he modified at the 
outer f^ce to 20,000 lbs. ^ i (1+cos 6 
being the angle which the outer f:^ce makes ^ 
with the vertical. If T (/VV^. 221) be the 
pressure tangential to the face, and 

V — Al) = vijrtical comji.oncnt, he piiiposed /VV/. 22i. 

that T should Ilie^U^Jcen between CA and AE, 

/.c., V sec and V cos tl Working out examples of reservoir walls 
200 feet high, under certain conditions of weight of masonry, he 
demonstrated that Professor Ihinkinc’s ty[)icak euwed* section 
demanded moditication to suit varioAs classes of masonry. 

The fact which Professpr itankine had been the first to notice, M. Bouvier’s 
viz., that *1110 majfiuia streffses permissible * should vary for the 
up-.str earn and down-sti'eam face.s, Jiad mcantimo attracted attention , 
in France, and in 1875 
M. Pouvicr, in thej 
Auilalcs des Pants et 
Chausse'e%. published a 
paper on the subject 
embodying researclics 

which he had made. 

• 

He pointed out tfiat 
•if AJICI) represent 
(FV'//. * 222) the section 
of a dani, Jbhe reservoir 
being full, and nin be 
an imaginary hoi'izontal • 
joint, the real expres- 
sion of the pressure is 
not found by taking the 
normal component of 
the resultant prci^urc 

acting \xtp (the centrft of pressure), but by coirsidcrifig a joint nui\ 
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( 


which forms witli mn an angle, a = the angle ijjctween the resultant R 
and its normal component. Tlien trhc maximum intensity of (com- 
pression beco 7 ucs 

Y= 

/ COS ft \ t 


for cdl cases where is grealev than 


A\’liei-e (I is. less than 


/ 

:i ‘ , 


/ 


.V- 


.‘h/ cos a 


The.^e pressures will he consi(l(‘ral)l\ greater (in the proportion of 
1 to sin- (i) than those oaleidated on the hyj)oth« is foi'inerly held, 
p’herti (as shown on p. .‘)02, Part I.) 


(Joiullt loil'. 
jKl()))t(‘(l In 
tVi'llcIi 

Sii- (4 Molt's- 

u oi-fli’s 

fimmiJ.c' 


N being the normal component of P. 

In g(‘neral it may b(‘ stated that the French s(‘]iool of writ(iis on 
this subject devot('d tlunr attention to Hu! form (*f dam in which th(i 
conipi'e.^.sive stivsses^shonld iiowhere exceed ceitain limits, whetlna’ 
th(^ iesei'v<)ir ^vere full oi* (Mi'pty. 

Tn 1 S7 1 Sii* ( biilford .Mohesworth f\'anie(l some em[)iiical foimula' 
for conn(*cting the [)r(s.'^ine, the de])tli 1 clow tin; surface of the 
water, .md oi'dinates from a ^ertical line to the n[»-str(*am face a.nd 
down >t ream face re^'pectivel \ . 'Phe^c forniuh-e wer(‘ iiiodihed by 
him after tlie publication ot M l)OU\i('r’s lasearclu's, and were 
published in a. pa[)ci‘ j)iv,ited at/ Koorki;e in ISS.’). Tin? ftnanula* ai’c 
as follows . - - 

If ,/' -depth b(‘low th(^ surface of a horizontal ])lano in fe('t. 

// — the ordin.ite, from a vertical line- on that plane to the out(U‘ 
edge of the douui->treani face. 

—the ordinate from the .same vertical line to the edge pf the 
up stream face in feet. 

P-^ limit of pressure permis.sibh. in tons per scjuare foot. 


'riien 




'• as a maximum, 


/’Odj-Y 

P 
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rnmv cnu k',s 


In these formula, variations for the specific gravity of the masonry Sjxeific 
{ire MOt included. Sir G. Mol%3 worth points out that this does not 
materially afiect the profile of the dam, because, though heavier 

11 • 1 • 1 • 1 I*" r 1 foniHilaj. 

masonry gt^ierally involves jncreasefl pressure on the base ot tlie 
dam, yet the resiilt/int pi’essurc in such a case ciits any joint^iit a 
point nearer t(f tiuf centre tlnin would be the case with a light 
niasonry ; hence the maximum intensity of pn‘ssui e is not incre;iised 

* in 4 )roportii*)ii to the lie;ivi<*i- \^eig}it fft* masonry. Tp the paper above 
alluddd to, exannilps are. given, worked out in detail, for.a dam 180 
feet hi^d^ ''vitli imisonry ^y(!ighing 14r)-(f lbs. per foot cub(‘ (see 
Fin. n, PInfr XXI.), iind tliere are alsb several othei' sections of 
existing dams, witli tlu; section that would have r(‘s\dted, li.ad these 
formulte l)een used. 

llefore Uie pu])licati 4 m, however, o4 the modified formula' juste 
meiilioued, oi; (14' )W' . * 

Cololufi) •I\mn3’(‘uick, * 

Iv\ K , in a. repoil on the 
Peri^'ar Project, puh- 
lislie<l at Pangaloic in 
188:^ liiul brought foi'- 
Avard {I iTew' A*i(‘w* of 
the easi^ He maiii- 
(.‘nbunl th;it in ordei* to 
obtain the maxinmni^ 
prc.'s.siire ;it a gi\en 
]>oint s.ueli as 
{Fnj. 2*24) on the 
outer fac.(‘^of ji dan* it 
i.s not sound to con 

• 

sider a liori:onfitl j(«int 

* through that jxjint, a.'^ 

;id\'0ca ted b^ tlie 
e;iilier writers on the 
subj(‘(?t ; nor did he 
accept M. Pouviei’s 
t h e oi ’ y, m { li n t; lining 

that there seemed to 
be no reason for trans- 
ferring thii eflci-t on • 

any horizontal jifipt to some other ///ao////ar//*joint. He consiriered 
th.it the greatest intensity per sipiare unit at^i gi\cn*point such iis E 
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IVniiyj-UK'k's 

forninla. 


OoiuMal 

Mullins’ 

formula 


Mr. Wes- 
niaiin. 


IVIossrs. 
Turner and 
l^>ritrhtni(U'o. 


would not be found by considering a horizP/ntal joint as EF, but 
,some inclined joint, such as EF', the imrlion* ABEF' being subjeflt to 
greater stress, obviously than ABEF. Tlie position of FF', which 

EF“ 

gives the maxiriium pre.ssuie at E, is a]jproximatoly , where h 


is the depth of water al)ove EF. ‘‘Neither the old method nor* 
M. iiouvier’s take any account of the porti^ni of the dam below the 
line EF, and the pressure at E is the siviil, whether the total heijiht 
lie AF or vdicthcr it be infinite.” -‘If the depth iT) be less than 


EF"^ 


, the maximum pressurt^ which would occur iii a dam of'infinite 


lieight can never be reached, and the gi*catest pressure at E can only 
be that due to the portion of the dam ABED.” 

Following out this priiKiple, Majoi’ /Ymnjcuick evolved a 
bnmula, wliich had been found to give lesults so nearly accurate 
that it might be adopted without risk of error, where x and // having 
the same values as in Sir G. Moles woi th’s — 




- d) 


I 

I 


P 


where p — limit of pressure u\ Ib.^. ])cr s<piarc foot. 

Lieut.-Oeneral ^lullins, .» IC.E., has ])roposed* anothei* general 

formula — 

1 

//-/>+ 



wliere breadth in feet of top of the dam, the jemainiiig symbols 
being the same as iii Sir G. Mohvswortli s formula. For dejns whose 
top is less than 1*J feet wide the fornrda is sonewliat modified, and 
becomes 





0-05 12)" 

F 4- 0-05 G - 12 


)■ 


In 1893 Mr. Wegmann, in America, published a monograph on 
masonry dams, in which he give.s suggestions for modilications of 
Kankine’.s ju’ofiles, and proposes various “ jiractical pi’ofiles for 
various cases. 

In the .same year Messrs. Tudsbery Turner and Brightmore 
published thcii' admirable ti’catise on The* Priticijdi oj JPaterworh 

* Mhmtes of Prbrfjedmf/y, hist itvf ion of Cit'il Enginecr'i^ Vol. CXV., p. 173. 
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Engineennrj. Takingjinto account all that had been previously 
pultlished on the subject (txcept Sir G. Molesworth’s revised, 
formula, and Major Pennycuick’s views on the matter), they 
clabonfted • a new method* of determining, by strictly rational 
processes, an economical section that was in strict accordance«with 
the conditions^of Strength and stability. This process will be. 
<rescrihed later. • * # 

•In 1893* also, Professoiit K renter* of Munich, road a j)aper at the Profotssur 
rnstifution of (J4viJ[ Kiiirineers iiT which he pro[)osed a seution where 
the welter •pressure on th(i up-stream face is, after tlie dam has 
reached a certain height, utilized tq assist the st^ibilitj', and thcieby 
to introduce economy into the^secti*on. This is done by increasing 
the onlinates of that face to form a considerable curve up-stream 
(see Fig. 2^4-)^ This j^^ction, howevei* ingenious fiom a theoretical 



Fig. 22 4. • 


point of view, ^lid not*nieet with aj)provaI from practical men, 
because it not only neglects tBc ellects of bending moyients, but 
assumes that the masonry is, and always will remain, water-tight, a 
condition of things imjfossible to realizi^Tin practice. 

In April, 189^, the ilmni at Bouzey, near Epinal, Fri^nc'e, 1>urst, F.uluiv of 
affording an objecVlesson to engineers of all •countries, wliich they 
were not slow to tdke advaiUage of. The ffact thftt this dam had 
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l*C()ft*sst)r 
I 'll win's 
vunvs. 


been designed of such a section that at ccriiain parts there was a 
definite amount of tension at the up-st>reani Mde is very noteworthy. 
Tin's was one of the points overlooked by the engineers of the 
French school, tjiough insisted on by Hankinc. 

Ar a natuiMl consecpience of tliis failure much attention has 
rccentl}^ been jiaid to the subject, and many articles,^ etc., have been 
writKui about it. Of tluise, the most important are the Hf'port of 
thr. SprrinI Conun is*'ion of iJfr Po))U rf and an ‘article by 

Professor Unwin in Cnssior's Mnijnzii'ir for Noveml^erv 1896.* In the 
latter a fresh dangin* attending the eyistenc.e of tension .on the 
U()-stream side of a. dam has been pointed out. If the resultant 
pressure, as in Fnj. lies outside the centre tliii’d, the stress at 

li is tensile. Now we know that the adluisioii of mortar to stone is 
not great, even lliongh the miatar itself be Rf good (jualUy ; hence 
a slight amount of tensihi stn^ss is lik(‘ly to nrocimee cracks. When 
once a crack is iorined, as at (j H'kj. 226), the watei’ })ressui“e in.sidc 




the fissure, acting U])wards, i educes’ the weight of the rock above, 
causes the resultant to move nearer the down stream edge, and 
conse([uentJy increases the tension at <f. Thus tlui fissure inci'cases. 


* AikI ill o/ /*ror( -InsfUnflon 0/ Ciri/ Fin/inrers^ 

\'()l. CPXXVI., yy; >94. 



and the |)roces.s goes until the dam is overtm nod. The effect of 
the*tensioii is, therefore, pro^essive, and this may account for the, 
failure of a (lain such As that at I^oiizey, which had stood sulticientl}’ 
wc.ll foi’ yeftrs. There is, therefore, this peculiar danger of tension 
in a masojiry dam, in that, if a fissure does o[)en, a )icw am^ ctm- 
tiHUdlh/ incr(Hm%j straining force comes irito play at the weakest point. 

Thei’e is yet another daugei* from«watcr pncolating into a Jam. 

\ii long asitho masonry is, waiter- tijf fit, the resistance of the dam to 
^lidirf^ will be fiii\gi’eator than •the shearing foicc produced by the 
water ^prcssui'e : but wheji a thin film^ of water’ inte’‘v (‘ires, the 
friction of the mass ahoAC is vaiy matefially lediu'ed. (This is tlu; 
well-known jii’inciple of the rlu/n^nt dr fn (fli'^xauf). Tt follows, 
therefore', that if thei'e lie a Iongitndin.il fissure extending for- some 
distance ii^to the masoyiy the (iHectivc^atH'.i of rc-sist.rnce to slu'aring 
will be inhch^n'di^ced, and thus a foi’ce, which uruh'i’ wati'r’-tigh/ 
c(>nditions* is not woi’th (ionsidering, becomes, nmh'r tin' ;iltei(‘d 
c mditions,^ of sei’ions imp()rtance. When tin; m.iscniry is built of 
liorizont.d courses tlni t(!;nl(incy to slujai- will Ixm-^iih'. ail tl^' grealiw. 

In th(i Pei'i\ar Dam w.ts% finislnal, and an account of its D.uii 

(instruction lajad in a,^ [rafxir by Colonel IN'iniycuick at tin* 
liistitntiofi of C. in Janirw y, 1S1)7. The dam had be('n s(‘\ ei’t'ly 

t(‘sted by floods shortli after* conyd(*tion, and h.id shown no s]gn^ of 
wcrakncss. 1 )(isigued on the pi*inci[)l*s above indicated in the 
Report of 1SS*J (thong^i s’igiifly modilied), its section is .‘fhown on 
Jddfr XXI., wli(n*(‘, for* p?trpo>>(‘s of coin])ai*i'>on, s(*cti(*ns to tlu' sanu* 
scale of ;i d.un voi*ked*out on Messi’s. 'rnrin'r* and Rrighl moi*e's 
jrrinciple, arrd another* u orbed ont by Sir (J. Mtdesu or*th s for*nrnla‘, 
ari_‘ shown on either** sidg. In the disenssion whndi follow (‘d ( \)lonel 
1 V'lniyeiiick’s pa[)er, it wnis ••Icsei ilx'd Ry omi of t lu' nn'inber’s 
(Mr*. Fari*en) as "'tU(' only i':itH)nal dam in tlu' whole of the Ihilish 
Knipir*!'. ’ It d's inti'r-csting to 'note that the cost is e.vtii'rrndy 
rnodiu’atc' ; it can iiufiound ihSOD mrllion enl)ie feet (»f ^'a^er■ .it a cost 
of lesstfnin £11 [ler million cn})ic feet, or ahnut £'2\ ])er million 
gallons. Tlu; eost. of the Rridge-. I ).mi is estimated at €-0 

per million gallons. • 

^ I^rinriplrs oj /Jrsitfn. • 


The followung ate, therefore, the mahi prineiph's in th^; design of 
masonry dams : ^ - ^ * • • 

]. The coi'npresjiv e stress on any unit s]ial>not ('xce(;d in iiitc^nsity 
the .safe limit of pre.ssm*e which the masonry^'sVajuiirle of bearing. 


1*1 iri( Jpic''. of 
(losi^'-n 

it ,N s(‘ction 
111 a maM*ni‘v 
(iani. 
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2. There shall be no tensile stress at ^my Joint, least of all 
on the up-sti ea?7i face. r '' *' 

o. The resistance to shearing at an}’^ horizontal j)Jane shall be 
greater than the jiorizontal thrust of the water at the lercl of that 
{)lano ' 

4. The thick uosss at the top must he sufficient to withstand the 
irnpaet of waves or the thrust of ice. 

f). The foundation must Be so s^ecured, and the super- 
structure GO built, that in no part of the strubture is there 
danger of percolation. ^ 

The last coinlition is never perfectly fulfilled, but by careful use 
of materials, and careful su])ervision in construction, any sensible 
amount of percolation may be prevented. It is />// /ar the most 
important of all consideiation?; in the matter.* 

The problem of the design of a masonry dam tOifulfil all the above 
conditions, with the most economical disposition of the material, is 
difficult and complex. 

Before consldcribg the solution of the jnoblem, it may be as 
well to rcca[)itulate a few axioms, probably already well known to 
all readers of this work, regarding 


Intfiisity of 
pre.ssun* (»f 
wator. 


7V'r P'H'sstnr of JFnfrr at ItoM. 

This pressure is — 

(1) . Directl}' proportional to the area oj the i)lane or surface on 
which it jjresses, and normal to that surface 

(2) . Directly jn’oportional to the depth of that surface below the 

surface of the water. , 

(3) . Etpial in intensity in all direi^tions. 

liCt AB(d) ])e a small taidv with on*, vertical and one slo])ing side 
(Fifj. 227), and let KFGrH represent any layer of' unit breadth at a 
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mean depth = A, ther| the pressure at tlF and at GH will be the 
same, being ecpiarto tlm weight of a prism of water of mean height 
/?., and of unit area. The direction of this pressure will be normal to 
the surface in both eases. ^ The mdfjnitude of thi^ pi essure will be 
unit area x unit weight of water x depth h =^u'h. ^ 

In this coiinft-y the units usually taken are: — For dcj)th, feet; for Unitsof 
weight, lbs., the weight of water being»taken at 02 o llxs. peVfoot^ube. w^'Tg'ht 

•As the •pressure is directly prd^)ortional to the depth, we may 

“ ' 1 • 11 .1 * • (;raT)hicropre- 



iiraT)! , - 

.'sfiiiaiKTi of 
])r«\ssiims. 


te[)rdsent grapliicidly the pres- 
sure %n the vertical wall 
])y a triangle ABM where 
BM represents the pi’essure 
at R w X /i, and the 
total pressure on t^e wall 
-= wit X IJC-- I^wh'^, Inch* acts 
at the o.g? of the tiiangfe, i.e., 
at tlie ^ distance from the 
surface (T'Vy. 2’^7). Fit^. 22S 
shows the graphic repie- 
sentation of the {)rcssur(; on tlie slojhng wall. 

If we’conskiei* the vortical and hoiizontal components of the 
latter, the hoiizontal component ^vill be the saijie as the pressure on iioii/.outal 
AB, and the vertical conif^onent wilF oe the weight or a [)iism of pressure, 
water of unit lengt^, i¥i<l*of cross sc(‘ti()n = the triaT>gle CT)N 
acling through its centi^ of gra\it3'. * 

’ There is, therefore, no ditUcultv in linding the ])ressur(‘ produccl ANSuinpiious 
])y water on a face, vertical or sloping, of a masonry dam, assumed in 

to be imyervious. Th« main dilliculty ol the problem lit*s in the invi vfj^r.nion. 
arrangement of the rncterial ii tluj dam s(^ as to meet the conditions 
of stai>ility nientioticd ahovg. ^ The h^'potheses assumeil, viz. : — lliat 
(1) the dam is rigid and homogd^ieous, and (2) the c.onsti uction such 
that the stresses transmitted are cither unifoim in intensity, or are 
uniforihly transmitted, arc only [lartiall} true, but, since in our 
presefnt state of knowlc<lgi;, we cannot e>,.actly how fr.r they are 
ta roneous, we assume f(#r our purjioses Tliat they are wholly true. 

* General IFratfs MGhod. 

The following method of ascertaining tlie section, s(^^as to give 
stability at varkius levdls, is given by (General Wr.iy * mctljiHl. 

The actual seci^ion adopted in ain' given* case depends to* some tlm-k 
extent on the thickness required for tlie lo[>f It \\^»uld be possible n» n.-.sjuN . 
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Sootions of 
.st;i))ility at 
vsinous lr\(_‘]s, 

Fir>t ])art, 
lei'fc.i’ 


Socond p.ivf, 
outfi h.ittn. 


Thud pai r 
h.ittc] oil hotli 

f.K'OS. 


K((Ui th pai r, 
hiiaidth 
incn“a'>« <1. 


(if we neglect the thickness required to resist fthc itn[Kict of waves, 
etc.), to give a feather edge at the lop, but such a section would 
practically be objectionable, even in the case where there is no chance 
of any ice to iinl'ice a thi'nst. In most. cases the dam is 'made wide 
enough to admit either of the snr])]us water of the resei’Vviir flowing 
.very gently o\er it, or else it is wide enough to admit of the full 
width of a road crossing the*’ valley. Then, taking thi.s definite 
width, and workir-.-g downwa]-ds from tlM <'U)p, there is (1^ a certain 
de])th at wh.icli, by maintaining the Ts ime thicknciis rtf wall as at the 
top, the conditions of stabdity for reservoir fidl is just fidfilk.l, and 
foi' ]-(‘servoir (Miipty is mor(i than fnllillcd 229). 

(2). liclow this section there is anotluM’ (sliown in F'hj. 2.‘>()), where, 
by gi\ ing a liattcr to the down-stream face, ami l“a\ mg th(‘ up-stream 
fa'‘e vertical, tht‘ liiie^ of rc.si dama* always lie within Miecentie third 
<,f tlic joint. 

(.■>) IJclow this s(‘ction there is a third, wdicriJ it is m’cessary to 
give a .flight battm' to tin* up-^tj-cam face, so as to piaoimt the lim* 
of re^istafict'. ^lallin'g too near ‘dn* (‘dge on itlic iij) stri'am .^ide Avhen 
tin* re>cr\oii‘ is (‘mpt\ (/’’/./. 2ol). 


Fhi. 229. 


Fi^j. 2:;9. 

(1). Belovv this it is necessary to spiead out tin; width {Fkj. 2.'^2), 
not ii|. oialer^to keep the line s of resistance ^dthin the centre third, 
but to kcej) the pressure intensity wdthin tlie pi’o scribed limits for 
the matciial. 
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The (le.sign of the first tjjiree parts ean be obtained by algebraic expressions : - 

• || 

Lyt ^r^weiglit of watei- per cubic foot — (52-5 lbs. 

//•'“Weight of inasoiny iJer cubic foot. If p be ^hc specific; gravity 
• * theji • • 

ct = depth from top of wall to surface of water. • 

//=unifiif ni lAcadth of tlie wall. * 

// -re(|uired hiMglit to satisfy (.;oii>litions of resultant bflhiig within* 
ccaili-c lliird when the rc^ierveur is full {Fkj. 2;io). 


• . 




riic'ii t. iking iiioiiu'iils about (\ tin outm edue <it tin* cciiUe tlnub inoment of 
W ;il ei pi esiui e , ^ ^ ^ 


" ' tr'*[h . ft) f> 

(i b 


( 1 ), 


w hein.T h is obt ,i nn*d 

I f ^_ ( ), iiud \\eeall //•' /<//*, then 


//•//’ ir'hh' 
0 '' (» 


whence h=h\'i>, 

• • 

a very ea-^ily ajiplied c'Xpression. • . • 

StciUdl Part {/'«//. 2;il).-® 'rake any layei m feet high of w*ltli .r. , 'riien 
taking monn'iits ab(#ut the c/iiter point of the centre tjiiidof DlC, the niouient 
of water juvssure = iL'ctangle K L s tlistaiiee ot A- g. fr-tni tin*, cc'ptie of 

.• / • 


CJaleulation of 
Kirst pint. 


t'oi iiuila foi 
1 **iglir. 


Sec ( >U( I p.u r 
w itli iHitei 
batter 
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Forrinila 

Nvi<lth. 


Tliiril jmt] 
Fourtli 


preasufc, -i rectangle 1)K x distance of its c.g. the centre of pressure 

+ triangular iKjrtion x distance of its centre gravity from the same point, i.e . — 


"L<A +'"■)*= w (ir 

(i 

o 


r) + n''{hm ()j x-it h) -f {x'- h) h m [§ a; - ^ (r - ?*)]} 

, = W (H x-c) + 'll"* [^kz3 (2), 


from'wliich the value of x at the depth a4-h + m is asccrtainalde, lu this W = 
portion already designed in the (,irst part, Ivll ' • 

To find tli<‘ limit lioyond tvhieh />/ must not ho lakcT\ t?.e c.g. of tlio wall 
above the lowest extremity of m must be obtained, and a vertical line^ drawn 
through it. If tliis line falls outnide tlic <*entrc tliird, a fresh value of m must 
be taken. * ** 

rids method is therefore one of trij.l .ind error. After ascertaining the 

greatesi iionnissible value of m, 
the maiMUium 'ntensi/^\ of pies- 
surc must lie determined hy 
M. Jlduvier's rules. J^f fids pre.s- 
.sure is iiioie than the material 
eaii;^ sii/el}’ sta'Hl Hif*' mnst 

he iutroased ami thy operation 
rcj: ‘cited. 

Third and Fourth iSV rVm/cs.— -In 
tl,ies(‘ sections tlje vah es of the 
hreadtli at succi'ssive depths must 
be found somewhat on the same 
]>r’meiplcs as t he foregoing. 'I’rial 
andi^nsy* must- .be a]>]>lied. and it 
IS eoifsidered tbat by a few* tiials 
the ]Ji' 0 |)(‘i dimensions ean lie 
ariixed at. The vertical com- 
Fl(f, 234. ])oiiciirs of ^1 h' ’Wider pn‘ssure on 

the ml*v‘inal batter mav be taktn 

into account in ascei taming t»’ie stabllll^ when tlie is‘servoir is full. 

All the dimensions w Ineh have l)(‘eu caleui.yed may llym lie plotted, and tlu' 
stability of the w\ill cheeked by gi.ipbu- st.'tics, as in t-lio Kxamjdo of a 
retaining wall in tJic pM‘vious Chapter. * 



K\ain})If (tf 
Si r C . 

Mt)l<s\voitir'- 
foi inula . 
appbfd to a 
dam l^SOfeet 
high. 


Fn' Guiljord Moirsu'oi f]i s MrfJiod. 

< ' 

Applying tli(i foriiiiiljc arrivoil at by Sir (J. ’Moleswrp-th, given above, 
to the casOcOf a dam 180 feet high (divided into imaginary planes, 
four in nnndicr, as shown on Fi(j. .3, Flak XXL), built of masonry 
weighing ,K5'6 lbs. per s(piai*e foot, and with a jiermissible limit of 
stress 2b, 0j)0 lbs. per stpiare hot, tlie fallowing, ai'e the values 
of the various symbJls, the width '.at the top. l)cing = 0'4//, at 
0 — 10;8 ftiut ; 
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.r p5h,TH‘ bolow surfaco) . ! i.l 

• * I 

;// (oi'dinato iVo^u vcilical line toj 

. <l(»wn-sti“i!am face)" / , . i 

. VI I * 

I . . i 

//.as minimum -0 •Or * ' . ' 27» 

® • 

?/ as mci^imuMi 27 

I * 

i (onlinate frnin vcitical to up-sti'canfc 

ra.o). (";:-)* .. ... ..-0 


H 

1 

D 

no 

1 

^ i;r> 

ISO 

% 

rs 

i 07-4, 

• 

142*0 


i 

9 

r>4 • 


lOS 

oO 

i 

J42-0 

1 

0 

:V44 

JO -8 





This the a.[)])r()xiinato diuionsions of the dam, and the next 

stej) is to a^certayi wlu*tli(‘i‘. tlie iiitensit}" hs at all j)oints within the 
prescrihed^limits. Takii*i!, tlie soi'ticwi of the <h*ni diuwi? to scale, 
we can easily find the c e;. of each -iDor tion, and, in the case of the. 
lowest portion, tlui co^iunon c.ii;. of the weight of the masoniy 
hetween tfie. jjl.^nes ^ and ^iiid tlie \jTtical water jiressure on the 
sloping side, up-stream, of the ilam hetween .these planes. The 
methods of finding tliese t*entrcs of gravity have ali-cady hcen 
illustrated in the pre\^’om#( 1*a])t(n- on regaining walls, as well as in 
tdiaptei' II., Pait 1. (Sir (J. MolesAvortli uses jiolar' diagrams and 
funicular -iiolygons for asccalaining thes(‘ common centres of gravity. 

'These are ustd'ul mean^ to the end in \ iew, hut, a^ they do not 
necessarilAj form part c»f the solution <jf the jirohlem, arc hei*e 
omitted). 0 j * 

We tlien di aw vcf’tic.ds tlivotigh these centres of gi'avity and find bun* of 
•tin*, points V here the line of resTdtant water pressure above <mcIi 
phiiie cuts each of tln^se verticals. These^ ])oints arc marki^d on tlie 
section ‘1, VUdr \XI.) by small circles. The lim* of action of 

the resultant foi-ce is then ^-^sily obtained »by laying olT ym tically to 
any scale the valye of the weight above the plane j>lus an\- vertical 
water pressure on the inclined face, and to the same scale, horizon- 
tally, the value of the horizontal water pressure. Completing the 
triangle by joining the exti'emities of tlTe lines thus draw/i we have 
the resultant of (^.he weii^ht of masonry and of the waitev pressure, 
and where this lim^ intersects the plane Avill bd the centre of pressure 
• of the plane in (piestion. ^ 
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Tjhie of 
resistance, 
re.sor\ \ lir 
ein])ly. 


l^lessi’N. 
Turner and 

BriglitnH)i-»‘’s 

ealcnlations. 


“ Jjow " d.inis 
and “liig"!! ” 
tlains. 


Formula for 
breadth at 
any depth. 


When the reservoir is empty the line pressure is found by* 
, drawing vertical lines through the cet*i[tres of gravity of the portions- 
above each plane in snecessioti. 

< I 

Mrs^ls. 'Ttulslif'n/ I'nrncr and ^Jh‘i(fltiiin>res 3f('thfi<I. 

1 ■ *■ 

It has heeji mentioned above, in describing (loncn^, AViay’s method 
of |nvcstigatio]i, that at a certain plane (hjiirth section) it is neces- 
sary to niahe tl\c width of the da,m, greater tlian thi^t which is 
l equired to bring tlie centres of laessure witliin ,th^ ccnl-re- third^ 
because of the great W'eiglit of masonry al)ovo, combined witjj water 
jn'essure, which tend ^to iMUse a maximum intensity of pressure* 
greater than the matei*ial can safely stand. 

Dams whoso height is less tllari the limit thus obtaimal are 
denoted “low ” dams, Avhih; dhose where th^ maximum intensity ot 
ni-essuro occurs in the base, and Avliich are designed accordingly,, 
are called “ high ” dams. “ The relation o'i tlm Iweadth of^'the dam 
to its height is in the latter case dependent not ordy upon the 
position '.)f the nirultant stress, l)ut also upon its amount, and the 
determination of this latter <ju intitx strictly involves a Knowledge 
of the vci’y relation that is sought, hi fact, the general form and 
the mass of the dam are indispensable ^lata tor the ealcuLvtion of its 
base/’'^ (bmeral Wra}' pi o[)oses,^as we ha\’e seen, trial and ei*ror, a 
method which has disadvaiiia'gtjs. In the method proposed by Messi*s. 
Tudsbcjy Turner and |{rightni()i‘e the problem is solved diiectl}'. 

Tf Y = niaxiniuiu stress inlensity on anj- plane section (using* the 
same notation as we have always done in thi.s treatise). 

/ — brcadtli of the .scetion. 

A = height below the water level. 

-- the distance of ,tlie centre of pressure from the extremit}’ 
of that section. ' ' , 

W ^ total weight (d masonry,' 'plus vertical component of water., 
jiressuie on the inner face, above t he given plane section, 
tlie dam being considered of unit thickness. 

P = eorresfionding horizontal thrust of the water against tin? 

inner face. „ 

^^;^the weight of water per ui'dt. 

It may he jiroved (sec Appendix to tliis Chapter) that 



* Prinrip/f'.s of lVat< JCiujineeriufj; i). 217. noted by the kind per- 

mi.ssicui of tlie audions. 



291 


From this equation,^ the breadth is found witli a high degree of 
accuracy, if W is only'*appro'iimately known. It might appear at 
first sight as if the presence qf W in this equation, made the Avhole 
useless,^ but* as it, only forms «, small fraction of the>wliole the I’csult 
is comparatively affected by a slight error in the computation. * 
Having fouria die next step is to ascertain Imw muclf of it lies 
under the inner crest of the dam, within the vertical thr.>)ugh 
til?! crest, * in order to l)#ii.*g the resultant weight of the whole 
.sujierincinnbeiit* mass of masonry and \vater to the distance one- 
third ^•from the inner toe.# 

d'his is done by equating tlie moments of the vertical forces about 
tin! point in question to zei‘o. jriuis 
considering a lamina of 

unit thickiie.ijj and of •dejith T, tlie ^ > 

upper a|id ‘lowee Iw'cad't^is being /„ 
and /, situated at depths h.^ and //, 
below the csurfa(;i), and j*, ]>eing fh(i ^ 
inci-enumt^of the bi'cadth under the ' 
inner face of tlie <lani, it ipay lx;' 
jjvoved (see Appendix ^o»tliis Chapter) that 


^ > 


•j t 




it x 
12 


W. 


/. - f. 


--0 




"riiis is an ordinary qu.idratic c([Uatiou for linding and as f ^ lias Formnla f« 
lieen Already detcuaiiined from (rr), the iiivci.-^e \alue of W",* may he 
fiv(‘.d. The process of caIciila(,ion may he re[)eatcd and applied to Iwittci. 
lower lamina', so as to determine otlier values of f. 

r'Kf. 1, /Va/r XX k, shows a .Section calculated for a dam ]9o feet F^x.iuint- 
high, with |(i~2'2.‘), and 10 t<^<is per Mpiare foot. The triangular 
portion at the to[) is given for I’esisting wave action or to carry a 
roadwaV^ It docs not affect the conditions of the prohlem down to 
the point A, where the- \^'tical through, the c.g. of the triaaigular. 
lump cuts the inner thi"»d of the breahtli. JJelow that fioint it is 
necessary to give a slight hatteh to the inner or up-sLrcani face, so as 
t(» bring the resultant of the masonry (dam plus triangular piece) 
within the centre third limit. At the point 1> the weight of the 
triangular part l,iecome^ comparatively insigniheant, and L*he iniiei' 

\ * ' 

* and Wj are die weights of 'the sapeiineiiinho^it 'masses of masonry above 
/„ au<l h lespectively. 
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Advanta^'r cf 
ar( lu'd dams. 


Siiitalalitvin a. 


Prc'^sun* 
jjaialli'l to tla 
I 'Ik ad of tlic 


faco may again he vertical down to C, where t^ie limit of the ’ low 
dam ” is readied. * 

, Airhnl Daniil. 

In ^some dams tlie plan is curved, sons to present a convex suil’aco 
up stream. In soihe hnv cases the cross sectioi'i of ^tlie darn woiihl 
be insuHlcicnt in itself to securfc stability. Usually the curvature is 
giv'en so /is to furin'sh /in cxtr/i f/fhtor of t^^-rength from the form of 
the horizontal arch. “ . r* ^ % 

Major-Gen(‘i*al Sir »!. (1 Ard/igh, K.C.^.E., C.B., has pointed out 
that “curv/iture on jilan in long dams, though the increased power 
of I’esist/nice to water pressure alTorded by the horizontal arch m/iy 
be insigniiicant, is of very great importance .is an /lutomatic conn 
pcns/ilion for changes of length due to tempe^’aturc, and this point 
has not received the attention it deserves.”'’ , 

Tlie A(ju(‘diict (Commissioners to the C^Juakcr Bridge D/rm at New 
York are of opinion th;it, “in designing /i dam to enclose a dcci> 
narrow gd'rgei-it is^'/ife to give a curved foum in plan, jind to rely 
upon /n(;h action for its stability^; if the radius is short, /,c., umlor 
about ”)00 feet, the cross section may be reduced below what is termed 
the gravity section. A gravit'Mlam bniH in plan on /r rairvc of long 
radius derives no appreciable aid from arch /iction so long /is tlie 
masonry remains intact, but’ in casi; of the yielding of the masonry 
the curved form might jirove of advaiit/igo , . The curved form 

better /id/i])ts itself to eh/inge.s of foriii due to changes of temjier/iture.” 

As th(i [ires^ui’C of the Av/itei’ is everywhere norm/il to the tangent 
of the curve, it may be 
resolved into components 
;it any point ]iar/ill(‘l to, 
and at i*ight /ingles to, tlie 
chord of the ai'c (/'V//. 2.‘M)). 

The former series of re- 
solved compressions, hP, 
tends to produce compres--' 
sion in the u])-stre/im face, 

;ind that compression would /Viry. 230 

tend to countiu*act any 

tendency to crack, r, causcil ' by expansion or contraction of the 
mass, v:lurh[ /s inn'ifahlr. This compression would lie entirely 
imlependcnt of the area action of thO dam, since^ that would take 
place i,f the pressure \Vore everywhere perpendicular to the chord 
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of the ar'c, as HH {Fig. 236). It further tends to consolidate the 
niHSonry transversely, ‘a nio.4 desirable ctfect.* 

The increase in length, due to the curved form, is comparatively 

slightf • * • ^ 

Hence the introduction of tlie arched plan is generally an acUdsable 
jnccaution AvhSre additional security is re<piired» beyond that which 
is afforded by the stability of the n3ross section, calculated on the 
piincipleS discussed abov^.« * • 

* 1/ams of tli% purely arched* form arc rare ; there arp only three Ristan*(‘s of 

in existence, one in Frai^ce, two in the l-nit(‘d States. They are 

undoubtedly cheaj), r.//., that of tluf Bear Yhijlcy in (Yiiifornia 

iuipoiinds water at the rate of Xj*Ss. 3d. ])er million gallons 

Messrs. Tudsbery Turner and^lrightmorc point out with l•eference Limits of 

to purely arched djuns that, iirovicKid the same, maximum sti’ess 

. •• • . • 111 • r 1 *. of Hie Ik ‘ d 

intensity is pcgiidssihlc in arched dams as in those of the gravd} daftj.*,. 

section^ there will only Ixi a. saving of breadth when the radius of 

curvMture is less than 200 fo(‘t ; further, that the hieadth should 

theoretically increasti \j^dth the dejitii. lionet} #he usf5 of such dams 

must be very liinitetl, unless a higher stress intensity he allow'od in 

'ihem than that ordiigriJy permitted in gravity dams. In the Bear 

Vhillev flapi ihe.*stre.ss intefnsity js c;dculate«l at o’\ tons per stpian; 

foot. Kvidently such a strue.tui^i is in a condk^ion of internal strain , 

far ill exces.<?^of tliat usually considcretf as safe. 

' o 

♦ • • ^ 

* n\(ll% itj Srrnrt' /^V^7rra^/•.^. 

Ser\ ice reservoiis art} usually covered tivei*, and this ctivcring is ar im^r 

fretiuently artdietL Where the i-eservoir is ahuvt; i;rount], anti tlic 

1 Ml. Ill- 1 • r n uall^nt srr\H-<» 

almtmeift walls nave, no earth backing, tliey an*. sul)jt*ct wiien rull (t) Hv.rrv(m>. 
tlirec tlistinct ft)rces (Fg/. 237), vi/., tire thrust <»t' the a.rcli (), the l).vi-k- 

w eigld t>f th/‘ a])uTment \V,*aMd the thru.st td’ tin; waltn 1\ Of thest*, 

0 anti I* can he.i’ttnntl, tin* ftft-nier apprt>\iinatti]\ 1)\ I lit* j)riiii:i])Ies 
explaijieil in Chapter X.. and tlit} l.stter accni ati‘ly. The thirti 
\veiglit is urikntuvn, and must he found h} trial anti t*Mnr'. 

Where there is eartfi* backing a, ftmi th ttiive, viz., tin*, earth h\u( w in n 
pressure T, actisat tlie other s^de of the wall fi tmi tlie watt*]’ pressure, ‘‘Joili 

ai*d at i\ point \ t)f tin* height t)f tlie earth almve the ha^#•^)f the ahut- 
ment, and making au angle with the htni/.untal etji to le angle 
repose of the oai th {Fig. 2:18). % 

The rosultaiit strosf in either ease must cjit the U*ise within the 

* Professor Baker' < 3/a.s’o^>7/ C'oa'fTvn /oat, «jj). .*132.^ 
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% APl'KNDIX. * 

• Proof o'f Messrs. TffDsBER^ Turner and Brioutmore’s Formul.e. ^ 
Let W ( Fiih 239) = total weight above a horizontal plane AB of the masonry, 
aiul tW; vc#-tical component ^ • 

of wat(n’ preasiirS over tlio I \ 

inner face of d^ini (a { ^ 

.vertical section of unit * \ 

lengtli being consideitMl), T 

jitid let l*t=the eorresi»ond-^ • * i ^ \ . 

•ing iTorizontal t)*rust of tlie • | * ^ 

watc\^ against the inner fa(;e, ' • 

and let U = tbe l esnltant • ^ ► \ 

pressine on the ]>lanc section • , * • \ 

AB. Then ^ ^ ^ > t \ \ 

P = J \ 

and • • * ^ J \ jf \ 

K--.VWH*#. ; 4" ^ \ \ 

• J ^ J \ \ 

Tlic maxi mum sties.> in- ^ ^ -P \D \ 

tensity ow a .•hoi izoi^al • ^ ^ 

section js, acoovting -to . p;„*o’i() * 

M. Bouvmr’s principle — ^ ^ 

• • . • V . OS 0 -Y — A__ , 

. • • . \.W I V 


tensity ow 

a .•lioi izonjlal • 


section js, 

according «sto 

• 

M. Bouvier’s 

principle — ^ 

• 

• 

• * 

• 

• •- V .-os 0 

m - 

- V- 


t 


IJcie V, n and f have tlf(' values as on p. 301, Part l.^ t.* ,, t ■ bre 
llie base A B, mavinuim inlensil.y of pros'^nie, At.', .ind a 111 
intensity of pressure^ PK {Fxj, 240). 


t -liroadthof 
a I ]n‘ niiMii 



fuj, ^40. •• 
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T>iit from K<iualion («), 
pressure from the ed>»e — 


p. 302, Part I., if r/ — distcanoe of tl/Ci centre of 



’whieiijiolds good, whetIuH’ the thrust he unrmal or ohlicpie.* Tleiiec 240> 

/r- A IP-* AC ! (d)-i DU (when d is one-tftird t), 

* • 

and stihstituting the \'aliie of ;/ as foinul ai>ov(‘), wheiiet; 

* • . • • 

i*/;^ \t\t: ^ ^ f « 

' v.’T 2vu^i i‘'‘ ‘ . , 

r 

, , ^..^2IV/(,\V-' i P*') 

v\\- 

a* on page 200. 

'^Fo (ind how f.ir / iniisl lie within tlie xertieal Ihrongli the crest , *n ‘order t<> 
hi’ingtlu* nieidenee ot tlu‘ resultant weight of Ike N\h<>l(‘ superun ninlxMil nia^s 

• t . I f ' * 

of masonry' iind u.iter to tin* distatiec* from llrt* inner toe, lek C inarli 

* 

tliat distaiH e, .ind e<iii<ite tlie moiu/nts of ifie vei’tieal forei^s n.hr>iit O to /er<’ 
{Fiif. 241). * • , 



Considei mg a lamina of niiit thiekm'ss aiid*>t <le))l li ,T,*1}ie and low('i 

hi eadllis of \\ ln< li are i i‘s])e« l i vel\ and sit nat ed .it dept hs and Aj helow ^ 

tlie f rest ot tile <]. mi, lot total siipi i iiimmiljent w eightnui t lie uppei sui faee 

of tlie l.nnma, <irt mg .it (1^^, fiom tl nimn fail*, .md Ut .»,--lh(' iV'ijuned 

nu reiiK-nt of hi<’.n{th undei tJiehnner f.ieo f tli«*?d.iiii due l > tin- .addition of • 
the l.imina. 'riii'ii 1 he weight of the 1 mima js. • 

/ / " • 

* o' ''' ® 

and the dist.yfee of ilsi'.g. from tlie x'ertieal axis (whieli is as, -filmed to he the 
muldle of tile a'rerage d(‘ptli, whiih'of ei^iir-se letjiiiics to he lery small) is 

t 2 ** 4 3 ^12 * 



'I'lie wcighfrof the water over the inner face of the lamina ia 

*, ; 


and the diytanec of its e.g. from O is - lx^, and the moment of \\^> ah 


VVo (''/%,). 


Tlic condition of *efjiiilil)iimii of tin entire mass ah«)ve /, anil about O, is 
lh(‘i e?or(i expresscil by tlic c<iiiation 


i Vh 1 1‘,) 




as on ,,agc.2!)V 



CHAPTER XITL 


Hka Dkkkncms. 

ISTatorials. — ActionofSea-Watci uiiC'ojiorutc.- 'I’iniher. - -Cast Iron. — Wroiigl't 
Iron. — VVa\(3 Action.— (Masses of 'Vaves, - b\»rc(j.s piodiiood l)y Waves. — 
Iiiteiiial Dostriuitlvo Forces in Str ictures. — Design of TMers in I’lan. — 
Section of 1 Men . -—Various Metliods of (%)nstria t’on. 

fmportjiiK > of Thk suliject of the ilesign of struct unvs to resist the shock of wnves 
mditaiV' 1 ‘ 1 ^ consi(l(U*ahle importnuce for Knglish inilitnry cugine^r^', one of 

iiccrs. whoso most inifiortaut duties is the consttuction of coast fortilicatiohs, 

us well as v)f pier.', ca-walls, and other simdar accessory w’orks in 
connection with W.l). lands on tfie scashoi'c. 

The (Icsjoii of sucli striicLurcs dillhrs so fa,r from otlici's that 
they are oxjiosed to c.vtcrnal hjrces of jcrciat violence and peculiar 
application. 

Before discu.ssing*, however,' the natuie of these cxtc’aial forces, it 
may he well to say a little about tlie inalcrvtlspvliii'li can he used. 

(Jno of the chief roijuisites of amaucoial which is inl.onded to resist 
the action of the sea is strengtli and stolidity, and iicncc it has 
frequently been the case tha.t massive stoinuvurk has lieen adopted 
where in a similar structure not cxposiui tv the violence, of the 
waves a lighter material would have l)(‘en (juitc sullicient. 

The hiMvier classes of stone, such ui? granite, basalt and gneiss, 
j)articuhirly granite, are well adajited for marine structures ; liut, 
owing to the expense of such stone in certain localities, concr'ete is 
frequently siilistitiited. It may he eitlier formed in large blocks and 
deposited on horizontal bed-., or the.se niay ho arranged With 

.sloping beds, as shown in Fii/. 24-2. In either case it is def^sited .so 
as to have some form of key l)CtwcenS>no block anil another. 

Another miithod of constrnction is to have two walls of blocks 
with loose concrete tilled in l)otwcen. Another method is to have 
the concrete deposited in large bags, which^^serve the ])iirpose of 
protecting it from the’w.ish of the waves until the cement has set. 
Another method is to hare the c :>ncrete en bloc. 


Frculiar 
uiiturv fcuoos. 


Mat('i lal'. 


St(»u< 
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In all tKesc cases the question arises how far the action of the sea Action of 
has a deteriorating ^i^tect 
ui)on. the cement which is 
used for tjie matrix of the, 

<'oncrete, and what pro- 
j)ortion of cen^nt to sand 
ill the matrix gives the 
l)«.st rcsi.ftancc. To these* 

Important questions the 
host • answer perhaps is 
furnished by experiments 
which have been mafic in 
various parts of the world 
extending o^er a poiiod of 
several years, ai^d umter />V/. 242. 

conditkm.. ada])ted closely 

t<» practice. Such exp(U*ijmmts ha,vc boon made in the hai-bour of 
Jia Rochelle* *foi' sou4‘- 10 years by French <i5ngiii«orsf and their 
•conclusioiis maj be summarized as.follows : - 
• (1). Neat ceimmts aig destroyed Viorc rajddly than mortars. 

(2) . Mojlar^ niado of 1 eemerR to, I sand, or I cement to 2 sand, 
arc those whicli oiler the greatesj^rci>istancc to,sea- water. 

(3) . Mortal's of hvdraii4ic- lime mi.fi^l in any jwopoJtion i)i most unions of 
cases commence to d^snitr'gi’ate attei; one or two xaiars iniimersion in 
s*ea-watcr. '.riiey ci nmfile into fndp after pcu'iods vfir} ing in length, 

but usually not exccf'ding 15 y(*a]'s. 

(-1). Concrete resists .s<>;i-Ava(er bett<u- than masomy, owing to tlai 
greater (jonsity inrpaiW.*<l tf) it by rammijig. Of cour.se tin’s rmnark 
a-j)plies to concrete carefully and [)ro[)erlv made, not caielcssi) mixed 
and consolidated, is too /j»equenlly the case, 

(5). A rapid setting cement* may commence to flisiutegrate after 
six or eight yeai's, but it has been obsi^rved that it ///-/// last longer 
than 3J:> .years without ciaindding. 

(()). Free lime is mo.^.<laijgei‘ous wlfcn contained in cdmjioumls 
burnt at high^ tempewiture. Any ceineut containing fiee lime is 
untit for use with sea-water. • • 

(7). It has been fouml that in lime mortai-s the (pialily of the 
.«arid had an important ctlect U])on the resistance of the resulting 

concrete. Thus coarf^- sand gave ni?tch bettci* results Uutn fine sand. 

• » « 

• • • ' 

* • * » 

* From iXw. EiHfinH rn\ij li^'cord, IVToumboif 1807. 
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Probably cruslied quartz autl similar rock would giv6 the best 
results of all (see page .35, I’art I.). Tbe mai'i* point to bear in mind 
seems to be that the voids in the mortar and concrete should be as 
coqy)letely filled upas possible, therebj", increasing the density of the 
mass^and reducing its porosity. 

(8). It was foiuid that blocks of luMit cement did ffot stand nearly 
so well as*a mixture of ceuH'nb and sand, and some authoriiics coti- 
sider that the best mixtni*e would be obtained by mixing a ccrtaai 
, pert!entag(‘. of jmzzuolana with ]h>rt?iand cement., 'tdnj puzzublamV 
will coudiine with the free lime, will contrilmte towards ‘hardinhig, 
and will previ'iit the lime from forming dangerous compounds under 
the influence of the .'>iil[)hate and •luagnesia contained in s(;a-water. 
v;i\ The great dilli<;ulty in connectiofl AVilh coj.c' eto work under water 
has lu'en that tlie action of kdes and currents wa.shps ,'iway the 
cement and renders the mass of no A^aluc. ‘ This /.lillicuit*}" has been 
oN'crcomc, in sonuj cases, by <le[)ositing the concrete in »vo:y large 
masses, Avdierc, as the ceimnit has a veiy much higlny sjiccific gra\ hy 
than th(i aUi’, tk(X‘e is conip;|rativoly little daaiger of the Avholc 
Ix'iiig p(‘rmeated. At tin* br(‘akw.vter of J/i (xuaira, in South America, 
wheie this nugliod was adopt('d, (lierc; were,s[)ccial arrangements for 
dc[)ositing’ the comn’etci in masses ot alioirt 100 tou.^ at# a gillie. Such 
a methotl as this inyohes, of coiysci, spi^cial plant f(H’ deqio.siunn. 
Such a system does not entifi'^iy do away«Avith the dis^hiti'gration of 
the concrete, and it gencially ;’e<|uires* the ocicasional a.ssistance of 
somt‘ divers. * * * 

Some engineers Inive recommended that the eonere.te should l)ir 
allowed to set ])artially I»efore it is depositial ; others (engiuein-s) 
ha.ve recommemhat a mi.xture of Medina wermnit with ^Poillaud 
(•('iiient It is, liow'ev(‘r, d(mhtful Avhiither this »nilek-setting eemeut 
would la^^t uii(h'r tiu' action of se,a-\\atef.* * •» 

Another system whieli de>ei'vo.^ earyfnl eonsideiMtion is l)y “ grout 
ing, '^described in llui //./v. itjrssiontd Puper'^, 188!)* hy Mi*. Kinip[)le. 
Thi^ consists in laying first nmhn* A\atei‘ the aggrryate of the cnnci'ide, 
then lett'mg (low ii a [>i])e wnteii one. end |)enat<.‘ating the loose' material, 
and the otlie.r end fnrnislied with a funnel tlii\)ngh Avjiich the mortar 
may In*, poured. It has been fouu^l fliat tiui ceimmt jiermeates the 
Avhoh; of the loose mass of aggi'egate, displaees the VAMtei* in t^ie 
inlerstiei's, ;pid cements the AS hole together. IVIr. Rinipple recom- 
mends tliaS tlie cement should h ' mixed t# the eonsistency of a 
stiff }«u,t(s tlmii put ill ;» tul) and slightly tliinned ^foAvn by adding 
water in very sm;*!! ((nart'titics. iimd stirred until the paste is reduced 
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to a thick ^rout, or jnst soft eiiouiJih to leave tiio bucket fi-um wfiich 
it is to be jfoured as mpidly jiossible into tlie funnel at the head 
of the })ipe. d'lie finer the cement, and the quicker it is ]K)ured 
down tJie l*ij)e to keep u[) a^continuous llo^v, the better.” 

( k:>m])arini^ masomy and conci-eh*, the Lifter lias ^inany 
advantages — • '• , 

1. All squaring and dressing is dispensed wit h. 

• 2. >SmaIl, hard, local s^onc cati b(‘ used. ^ * 

* *1. It seld<«n ^-eijuircs powerful machinery to move. 

4 . It ridapts itself to the irregularitle.s of the, foundation, 

. To pass now from concrete to olJicr i'4atm-ials. 

Tin)hn\ although largely used -for piia’s and jetties, cannot be Tun 1m > r. 
i cgarded as a goofl ntatm-ial, because it is li.ible to the 

attacks o6 li^ring wi^rms. These c»e;itures are, prevalent all the 
world over^p and^ajthougl? it has been alleged that certain proc(‘,sses, , 
such as^^ idcanising, have the en'oet of reinha ing the timlier unjialft.- 
talile to them, yet the information on this subject has not as yet 
])assed the early cvperinicntal stage,^ and it is im])osvl)L% as yi't to 
pL'icc any reliaina^ ujion it. ^()f .all J,im hers, green heart is that which 
most durable for nyii’jne work, Xlenerally it may bo said to be 
jiroof against worins, and w4ien it will^not holdout against them, no 
other timb(',r will. Some of the Australian tiinhers arc said to be 
very good. • • *• 

Cad iron is lai’gelA^ us^d for the /^taiidaixls of piers ;».nd jetties (\isi inui 
ekposed to the acTioii oVtho waa'cs. 'Fhcn* is no dofdit that tin* sea 
water has some deleterious cllect upon it. (leneral Sir (-ha^. 

Pasley, R.Fi, in mpinling on the metals found in the Itof/al Crunir 
a*nd stated That* east iron had genm’ally become (juitc soft, 

arid in some cases I’C'^emhled plumbago, u hei'i'as urouglit iion w.is 
not so much injnr^it, except -wh mi in contac.t with cop]ioi’. or hr.i^s, 
or gun-meta?. (list ii’oii intended to j-esi^t sc.a -Av.iif'r should he 
of 'close-grained, ^lard, white metal.* ^In sucli the small (pialitity 
of coritained carbon is chemically combined with the, imT.d, 
but hi tire dark or inottL'^d imn it is nm<*hanica,lly mixe'h^md such 
iron sooji becoynos sok Avhen ex:[)osc(f to sea watt‘i‘. (baiei'.dly it 
maybe said that east-iron pilot niiide from hard, white, or light gr-ey 
castings are the best for sea work, and may remain si^cnie a long 
time. • 

With regard to wdiich^we know corrodes, ift4)re rapidly Wi<*c';lir Iro^.. 

* 1^rau<^v•ine. • 
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in fresh water than cast iron, there appears to he companttively less 
(lettnioration when exposed to sea-watljr. Ax the same time, there 
is no doubt that considerable cmTosion (loos take place, and particu- 
larly in tliosc j)arts betwcvjii tides which are exposed alternately to- 
\vatoi;aiid air. 

How far a screwrpile pier will ]>e elleetive in bi’ealviiiiij the force of 
\\aves is inicertain. After sonKi time, continual vabrations tend to- 
looseh the joints, ynd deterioraL?i)ii AcilJi be [)roduccd in ihem, by 
repeated shocks and by lUst. ^ a 

W'batever the materials used, the resistance which they 'will jCflbnl 
may be either : — 

(a). l)e])en(lent solely (Ui the mass or weii;}it. or 

(/>). I)ej)endent on the strength of tlie \ar’ons memhers ancl their 
eonnections witli each other and the lM)ttom. . . 

Of these two elasses of lesistatice tin* fortmu’ Is luiqiiestionahly 
prefcra])le to the latter, if eireunistanees admit of its» practical. 
a[)plicittion, 

^ F(/l ccs. 

We now consider tlie p(*euli,u* action ot tln^ forccis upon a,ny 
eni>incei’ini:, stiuctnrc e\po^(‘d^jo the sca.i 

//aor Jrfioii . — This is 1)\ far the most im[)ortaut of a.ll tlu; con- 
sidci'atioiis under i*e\ieu'. 'k’l.v* exposure, on any giveji coast may 
t ) a certain extent l)e e.stimated hj^ an eA'[)ej'ieijce(l person from the 
appearance of tb it coast. In i;enei' il, howa^ , ca , the safest ^aiiide to 
the exposure is the level helow tlie suiface bf low watei' at Avliich 
mud re|Juses on tlie ]>ottom ot the sea.* On the' coast of Holland 
nmd is found at fi*om 12 to 1(» fathoms; at tl^e mouth of the Hlhe, 
at S fathoms ; at Wick, fi’om (iO to 70 fathoms ; a,t the Moray Firth, 
about ,17) fathoms; olV the Lbrth of Forth, ^aliout -O fathoms ; and oir 
the Coast of Norwa,y, from 10 to 50 fatlioms. Tims, takiTi^thc Nortli 
Sea a/tone, these data would indieate that the Soulheiu and South- 
Eastern coasts are the liMst expo.^ed, and the North of Siaitland the 
most, a cjnelu&ion liieli i.v amply jnstificij by facts. Sim-ilarly, in 
Ireland, on the West, the mud hiAcl i . lO .-GOofathoms ; near, .Dublin 
it is about 20 fathoms, and at Bel hist dxm^'h 5 fathoms, lielow low 
water. 

AVbives are caused by wind-pressure acting on the water of the 
ocean. Thoy,, appeal to roll onwards, though^ really the form and. 

* * t 

» Stuveifsoii, p. 19. ‘ 
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energy of-^the wave only, and not the niiis« or volume of the Avatei> 
is Jransmit^^ed throu-L^w tlie ulidulatioiis. 

A'lipurcidlif tlie volunio of watei* Is moving forward, but really this 
is not fhe^ase, as we can siujif we fix our iittention on some floating 
object, which, if will be seen, does not move forward, but oscftlates 
to and fro witlin c(>rtain limits. 

• According to Ihofessor Eankinc^^ the | th desciibed by eacli 
lyrticle oi water is elliptical^ » 

•4’ollo*ving the ^direction fd’ 
tlie (jurved arrows in /V//. 

1^13, in which tln^ slraiglft 
ari’ow denotes the direction 
of piMpagation. 

Near the surface tlie nai 
* A * ^ 

tides dest;rn)c the largt">t 

orbits, \tlve exfeut of* tie' 
n^otion, both horizontal and 
vei'tical, djniirrt.shing aS the 
de[)th rtelow tlie surface 
‘increases, “but that ol * 

V e r t i c a1 m o t i n n i o r e, 
rapidl}- than that of tlu; 
hoi'i/outal inotion, so tliyt 
(he dee[)er a particle ^ i.^ ‘ /’o/. -43. . 

Siituated the mor(‘. IhiltNuMl # # 

is its* orbit, as indicated at A, 11 and ( - , a j)ai ticl(' in contact with 
the bottom move,s*back wai'ds and forwards in a horizontal straight 
Ijjie as at I ). ’ * 

The Jniiftli of a is the distance between two successive cies(*s; ^ 

the d(‘})i}b is llie N t^i-iical heig^it from smnmit of crest to the lowest 
j)oint of the* tiounh ; the jx riin! of a wa\o is the time occupied in ^'a^es. 
traversing a distiPm-e eijiial to its length, or the time which a, pifi'ticle 
takes to make one eomplete. )'e\’oliition. 

■ The bnin of vvav(‘s is^ apfnoAimatel}; cychuMal, and tMually the 
oi'bit oJE^^tlic surface particles approadnfSs a circle. 

Where a serfes of waves adi#ai)/jes into water becoming gradually 
slTallowcr the periods remain the same, hut tlie orbits oi*the particles 
become distorted, as in 7%. 214. Thij velocity of the lower ]K>rtions 
is checked by the friction of the shore, until at lcngth-»t^ho front of 
» * 

* t/haV Nfltjuteim'huj, p. #7r>o. ^ 
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the wave pa.sses the V(3rticar, its crest falls, and the wave U-eaks into 
surf, with a forward motion due to tliolvclocit;^ of the wj^vc. 

Wlien waves roll a,<^aint a vcrti(!al wall, or even one with coii- 
siderahle hatter, they are j[‘eticctcd, and ^lie particles of w^atev f<>i' a 
cert;?5n distance i*n front of the wall have motions* compounded of 
those due to the di/-cct and the reflected wavers. « 

Since tl>3 velocity of waves is- the chief determining factor in their 
impaf t, and since the period of wjwcs isepnstant at a given time aiul 
place, it follows that long lo\\' waves, traversing a gin^atcr s])a«e iif 
the same tiiuc as short ]dgh*\va,vcs, must have tli(3 greater vel<iW 3 ity, 
and tlici'ofore greater destructive (‘.fleet, nrla Is ivirihn^i, than waves 
which may appear 'from their hojght to he more formidahlc, hut 
which may he only due to surface; :«gillitioi.. 
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'riie magnitude of the force in the (;ase of long 'low waves is only 
TiianifesUjd wlien the continuity of transmission is hroken hy a solid 
ohstacle., sucli as a clifl or a lightdiouso. Tlu; s*i)i*a\ dashed up on 
cliffs after a heavy storm, whcji the surface of the sea may he unhrejken, 
is evidence of this. ^ *' 

There are two classes of waves • — 

1. Oscillating or surface w-ives, wlicre theJeT>gth is small compared 

with the depth of the water. ’ . «• 

2. Waves (^f translation or rollers. 

Of the two the latter are hy far most dangerous to structures. Tln^y 
constitute, ip fact, a vast mass of water transmitting energy in one 
direction with considerahlc momentum. , 

It hac been tound hy o iperi once that waves are largest in the ot)en 
sea, hence there piust ' Ik‘ some, ratio fectweeu the height of the 


Fi‘t( li, 
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1 

waves ani^the distance from which they have travelled. This dis- 
tance is cijjjled “ fetuh/’ or reach” of the open sea. It may be 
measured from a map. Its effect !s modified in any given case by 
the intervention of a headland in the vicinjty of the site in question. 

The'folfowing empirical Ipormulm have been usfid, and are ^irly 
accurate : — o „ 

. If ^ = height of waves in feet, and^ 

== cljstanco from the windward shore in miles, 

^ ^ = co-efficient varying with strength of wind. 

# * 

Th^n ’ h = ajd=^'^jd as a rule. * 

V 

• - ^ # • 

For short distances the fornjLula may be taken as follows - 

t A # /// — 1 *5 2*5 ~ ^ d. '» 

In oc^iiis the ^height *imounts at times to 30 or 40 feet. During 
a gale the forms of waves arc very irregular, and it is not possible 
to trace any individual ^indulation for a long dhiance. * '* 

The lidiit of depth below which *4)110 can i-eckon that wave-action 
ceases is, approximately, 2(j feet below low water. Immediately 
below lo\'^ water level a sudden redindjon of force takes place. 

A few instances of recorded wave force may bo mentioned here. 
At Wick, ill pocernber, 1^72, a f»lockMif concrete weighing 1,350 
tons was bodily movejl.^ jIu^l«S77 a piass weighing 2,000 tons was 
removed. In lioth thesi*? cases fdic superstructure of the wall alone 
was idfected, and the foundations were left intact. Mr. Stevenson 
<piotes several mosf remarkable instances of large i^ocks having been 
qi^arried from posiifions, above high-watoi level and moved a corn- 
siderable Tlistance. These cases occurred on the exposed coasts of 
Shetland. * # , . 

, The actual* force of waves ^ has been measured by the blows 
delivered on a dynamometer placed 50 as to bo immersed at 
J tide. • From experiments made by Mr. Stevenson in the Atlantic 
Ocean, near the Hebrides.. and on the North Sea, at Dunbar, and 
in BanflJ^hire, it^was foinid tliat the maximum wave force was 3 to 
3i tons per square foot,* beings greater in winter than sunimer. 

The direct horizontal force of the waves, however, is not the only 
one which we have to consider in their effect upon a structyre. There 
are indeed four distinc^ forces : — - ' - 

♦ There can be mi deubt that Higher rojults ma^ 3e obtji^iiied (Stevenson). 

X 


Formulse fop 
height of 
waves. 


Limit of wave 
at'tioii. 


Wrfive forf'O 
instances. 


Four distim t 
forces produ- 
ced by Wfctf\'es. 
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(1) . Direct horizontal forcie. ^ 

(2) . Vertical upward force acting agi^’.nst aijy projection. 

‘ (3). Vertical downward force, as in Fi(j. 245, from spray or wave& 
falling. 

(4/. Back draught. This is the force produced hy a receding 
wave,' which tends to move the bed of the found<ybion"’ and to under- 
mine the low(ir courses. ■’ 

Horizontal Form. —We hav<,\ already seen that tlie ^laximum 
horizontal force measured b}' dynaiiiometer was 3 t^o iJi tori^ per; 
square foot. This maximur^ force probably acts at abouf, the level 
of high water. But it has Jjc^en found 'that the most dangerous 
waves happen, iioo at high water itself, but at ^ tide, both on the ebb 
and flow. ,, 

(2) . As regardo upward mrliad forri\ e\i‘eriments made by Mr. 
Stevenson have shown that the vertical fcrce ttiuling tc raise the 
projecting coping of a sea-wall 23 feet Jove .rater level was at least 

times greater than the horizontal force tending to thrust it inwards. 

(3) . rniJral^lJoir award Furr.- This is due to the >'ertical descent 
of spraj' dashing against an obsCacle. 

It has b(‘en found that spray rises seven times higher than the 
lieight of the waxes which produce it on a hollow or cinwed wall, and 

times higher on a vertical wall. The actual amount of this force 
})er s<|uarc foot can be cahjilateo from the consideration of the 
momentum produced by a cubic foot of v atei’ falling freely from such 
a height. ■/ 

(4) . Hack Dnnuilif. From ex])eriments mUdci ])y Mr. Stevenson, 
])ack draught was found to be thre(i times the dirJ ct force. 

We thus judge that as j-egards t he vertical stetion of a pier or 
strnctui‘e3 the weak points are the top and toe. Ilmicc the importance 
of the ro/Uoar oj the undl^ the (jmdihf of ike niaron^fn, and the form oj 
the panrpei. No projecting coping or string course caiubc admitted. 
The surface of the roadway should bd paved xvith ; uch heavy stones 
that they cannot rcailily be dislodged ])y falling sjmiy. 

It murt be remcmbei’cd that the action of waves on a structure is 
dynamical. It has been refc.TC ! to in Pai^* p. 5, as an instancii of 
live load, but this is hai'dly correct, ar it cannot Ixi regarded in any 
xvay as statical load. Water flowing through an ordinary supply 
pipe, and shut oil suddenly, jvill exert, as is well known, an extra 
pressure tli/oughout the jiipc oyer and above the pressure due to the 
head xvato. in the pipe. This extra pressure i:. caused by the 
sudden arresting of the velocity of the moving watei. 
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In the tase of wave action on marine structures we have a moving 
mass of ^vtlte^ whose velocity is suddenly arrested, and whose nias^i 
is far in excess of any (juantity ever passed into supply pipes }}y 
liumaw skill. The dynamic: force, therefore, in almost cvery^ciise 
must be great, and in times of storms it becomes gigantic. > 

The relat-ioiF^ between velocity and head (^r hydrostatic j>ressurc 
‘(leferred to on p. 32'J, Part 1) hold* good in all cases ; hbneo if we 
<j4in ascertain the velocity af the \v'!ives, we wouht easily calculate the 
Y'o’Tesponding #jhydrostati(* (but nf>t hydrodynamic) pressui-e that 
wouhl be produced. Mi*. Shields, in his book on JEarho^r Ctmsfrnrfinn, 
iiotes that in a storm at Peterhead, i‘n ISSS, he calculated from 
observations that the velocities of waves on a particular occasion 
were i I feet per second. From 'l^hc e<jUation r this would 

correspond ts) a heaihof 2() feet, and'^his head would lie etjuixahnit 
to a pressure of^ 1(122 lbs. pe sijuare foot. But' tlie dynamical force 
of the \vaves has been registered at as much as G,0S3 I])s. j)er s(|uare 
fc^ot, lioi izpntally. 

When we conui to co^isider th<i vertical force'^pi'odiiVa'd’ by falling 
masses of wav^es, wo see that the <Iynamic force will be that due to 
the mass falling through the height to which the water has been 
projected. . That height Ifas of|/CU bceu obsesrved to b(i at least 
100 feet,* which W(.>uld corresp<.\4i<l to a velocity of 80 feet iicr 
second. 

Thus we see that >t1u \'ertical (hkwiiward f<u ce is much greater 
than the direct horizout*al force.* 

Dr^irurtirc E'tucc.s ArluK/ Inlei nalhj in a Sf rminf n. 

• In a<l<-vitioii to the '"externa! forces above mentioned, theix* an; 
internal toriies proiluced in the intei'itn* wf a masonry pier or break- 
water cxposoxl to wave action : 

(1). By AdbraLi()ji from the^shock of waves through the whole 
stinctijre. 

. (2). l>y the direi^t communication of the impulse of <he wax e 
action tlirough fluid in tiiV joints or intiU'stice.s <>f tlu loose, hcaiting. 

(3). 1^/ sudden coiu(ensa*ti(jps and e.x[)aUsions of the air in the 
hearting, tending to loosen the face stones. 

* Sic John Jackson, coiit lactor at the xVhlerncy J>rcakwa(i^i-, lias stated 
l,luit lie has scon water projected to a hcigiit of *200 feet, in a g \\\i * {JM m n f < of 
Procff'diiuj'i, y itfioii of (hril. Entfiuv( Vol. XX-W^II, p. ilO) , „ 'IJns 

<-ori*cspf)n (Is to ;i , velocity of 11 J feet per secoinl^ and each cubic foot of 
water would have a inonioiit inn of x 1 l.T--- 7t'‘'^,UG2 f<v t-lbs. 

X 2 , 
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Kffivt of 
back (Iraug-lit. 


(4). By the hydrostatic pressure of the water which ns in the 
interstices, and which, when under aii^^ pressure, will aot upon all 
surfaces with that pressure like a Bramah press. 

F(^ instance, m the pier shown on f'ifj. 245, built two face 
walls,Vooso hearting and a roadway, if the interstices of the hearting 
are all filled with witer before they can be j)r(fcect€d l}y,the road- 
way, any pressure produced subsequently by the vertical downward' 
force'' will l)e transmitted lateralfy and r tend to burst the work 
asunder. This has frequently been cause of ruiq in sea walls.* * 



If the roadway which projects the hearting be made air-tight, and 
if the joints of the face be left open, thee direct 'Iifjrizontai force of 
the waves tend to injure the work by, the imprisoned aVir inside the 
hearting finding no means o( escape, and forcing iq? the roadway. 

Generally, loose rubble hearting in a sea wmll of this type is a 
source of weakness. ’ oij, 

The effect of “])ack drauglit” is, among otrlier thipgs, t(j^:.aisc a 
certain amo^iint of rarefaction in the' surrounding air, which may 
tend to push stones outwards from the face of a sea wvill, causing 
projections which ultimately ' may lead to serious consequencos. 
The stoncs,*therefore, on the face o'" a sea waV may be subjected to 
pressure due to simultfuieous expansions of condensed air behind 
and rarefaction iiv front. ' 



309 


Before^dismissiiiff the subject of wave action, we have to consider 
the natui% of wave lOrce iii^plari.^ The following general principles 
liave been laid down by experienced engineers : — 

H =iHeight of waves jirhich produce maximum effect due {o the 
line of maximum exposure. > 

X = tTrcIftest^force brought to bear upon a »pier. 

Sin a = sine o£ the angle formed betwxcn direction ol piers and 
• ♦ line of maxiiiMim exposure. i * 

^ Then resokdr|g normally fo the pici-s, X varies as sin- «, and > 
along the piers as siiv*^ a. 

. It has boon recommenced by (ycpcrt« that picrs^should be laid out Anglo of piers, 
so as to form a horizontal aiude of not more than 25' with the 
heaviest billows. Generally, conclude that^tlie most ex])osed 
coasts aiie ^losc where the waves gAieratcd in the line of maximum 
fetch strive the ^hore at. right angles. 

\Va^*e?fare most destructive when their destruction coincides with Kffoct of 
the principal tjde currents. ‘‘ Wherever there is a tide current, the 
waves will ifiore or Jess partake^ of the pioi^erties of waves of 
translation,’^ (Stevenson)., • 

*• Into the complicjy:od (picstion ftf tide currents and the modifica- 
tions produced % the shm'e coyligU¥ation it is not proposed to here 
enter. ^ • * 


* Dfsi(/n oi Pins ami Sea Walls. 

• • • 

• Ilavifig discussed Ifflefly the forces which assfiil works on the Otvsign. 
sea-shore, the next subject for considcrarion is the arrangeni(mt of 
the design of a jiier or sea wall. It Avill be sufficient to coiifine 
;attentio^i to piers o*' sea Avails, and not to breakwaters, as the 
latter are not likely to be constructed by It.E. officers. 

(1). Prelnuimwks in Srlilhuj the Flan . — A good chart of the site is Prdiiniiiaries. 


necessary, jfiid the actual juisition of the pioposed w^oi k should be # 

{purveyed with sTnindings shown as ac^jiratel}' as possible. Sections 
of the sea bed may rc({uire to be taken 'parallel to the coast, as well 
*as along the line of tlK;jpropo.scd Avork.* • 

A«i»borougl; examifiaticm of the nature^ of the ‘bottom on which 
the structure is to be foundt^l k absolutely essential. The neglect 
of this has been shown by failures. Structures have teen founded, 
for instance, on a layer . of rock overlying a substnitum of clay, 
where serious damage has subsequently resulted by flipping of the 
clay. • • • • 

It must be rem’embered that siifficientAlepth A\dll bo required at 
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the lowest tide for vessels to come alongside the pier. With this 
proviso, it is well to build on shoal groi/iid as far as possiWe. 

In plan the pier should be, if possible, convex in the direction of 
maxipium cxpo.sure, but case shoiw^d not be either cimevve or 

presen?" abrupt re-entering angles in that direction. 

^ In tlic alignnicntrof a sea wall the sinuosities df tlfc cQ^ast should 
)iot be tooVigidly followed along high-water mark.. If this is d(»ne, 
not ohly a longer line Avill result,' hut al.«o concave curves*' will bo 
j)i-<‘.scnted to the actioji of the wa\^es, and wilh b'.. a sonre6 of‘' 
weakness. If, the line be carried across minor indcnt'jons, ‘ the 
Foundations of the wall Avill no doubt ))e deeper, but the ultimate, 
le.sult; will be better than if the "coast lim*, had been adhered to 
throughout. 

^\(1 vantage sliould be taken df an}^ natural ^eatur‘‘s pf the site, 
sucli as ridges of rocks, (‘tc., and the design sliouUl 1)C ailapted to 
suit them. 

As it'gai’ds the design of the pier-head, the followyig })oints may 
he noted ; (e)'. As'the pi(u-h(‘ad is situated in the detfpest water it 

will Ixi the most e.\pos(*d ])ait- off the stnictiire. (/>). It has only 
sup])f)rt from other parts of the st i ncl ni*(‘ f^on the landward side. 
(c). It is subject to rough m-agc', from ‘vesrads edmitpg alongside, 
lienee of all parts of tlie stiucture (*.>})('cia1 care should be devoted 
to it, and additional strength 'g?\'en in .sonuvAvay or oth^r according 
to circumstances. . ' r , ^ 

Theri^ is frcMiitently a lighthouse tlui c?n(l, general!}' theie is' 

a parapid wall (with masonry ]>k'rs) to 
]M'otcct the I'oadway^ and tlune ai'i*. 
bollards, rings, aiMl j^awh for /nooring 
\essels (these should lx*, hollow, to act 
as air-\alv( for coti^ined air. in the 
lie.irting),^ci-aa)es or capstan^ for lifting 
f)|.on*.s, and landing steps in sheltered 
positions. /Vgs. 2 IG, 2 17 and 2 IS'show 
some plans of .j'^ier ends. 7Vn/V^ XXII. 
sliows a pier th'signeil for J\.iding 
stores, has been in use for a good 

many years. The tramway line was 
designed to carry a movaldo crane. 
'Ihis pier is<.ohviously not suited Tor an expose J position. 

(2). of rrjiinil iScrtinn. — 'Whci c the phni of a Avail is either 

on a a convex curve, or AA^tli straight s*ides and salfcnt angles, .special 
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cave mu«t be taken to strengthen the foundations at the salients, 
because the increased s<?our at those j)oints. 



iM7. , lMS. 


• # 

A wall i.-^ geiHyallv Unsuitable for a sandy la'aeli (»n 

'•account of tin; .M*()gr ,at tin* to(*r* !\rr. Si(‘\t‘ns()n Jt'coninu'nds a 
evcloidal^seci^/ioif, as sliowrt in /;///. whicJi may |)i aciically la; a 
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vertical wall connected W'itli a liori/ontal a[>ron*by a ^nadiant of a 
circle of sutlicient i'a<iius. The <lis.tdvantag('. of this fwnti consists of 
the wedgc-sha^)ed stones, since the iinpa^ft. of tlu‘. waves •ttiids to 
•drive the wedges mwai’ds, in ’the f;anic wfty as » blow deliveiaid at 
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ViM-hcal 


L 

the intra{los of an arch. Therefore, in such cases, the backing is of 
great importance. It is evident, al.so,^that a^^curved f^nii which 
Miay 1)0 very suitable at one state of the tide may not be equally 
good at another. r < ^ ^ 

Th(?;cross-scctions of breakwaters are divided, by writers on the 
sulqect, into two ipain ty])es : — (1), mound type^; a#.d .(^), vertical 
type. «' r , ‘ 

1 . *0f these, the b.nnier will verj rarely apply to piers. ‘ It may 
rbc cither a simple mound of rubble br coberote blocks, throwii at' 

random into tl;e sea, or a fouhdation of such random blocks with a 
superstructure carefully built above. Plymouth breakwater is an. *’ 
example of the former, and Portia ml of the latter (ride 
Vorkei Booky p. 330, Edition 1803). »- 

2. The vtu'tical type is thilu Avitli which , 3 ve arc he>’e more 
especially concerned. • It has the following sub-divisior^s : — ; 

3. Vertical wall, with or without slight batter {Fij. 250). * 

2. Curved or talus wall (7'Vy. 251). 



Of these, the vertical wall is best when (a) foundations are good 
and hard, a rocky bottom ; (fc>), when good, materials are scarce ; 
(c), when the stone is 'easily worked, \e,g.y stratified rocks ; {d)^ 
hearting stone scarce. 
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T?e taj^is wall would bo suitable when (a) the foundations are 
soft or s^idy ; the * stone for the face work though 

abundant is not easily worked ; (c), when the hearting stone is* 
plentiful.^ ^ . 

In any case loose hcartijig must be avoidetb 



Fif/. 25 L 


The whole may Iw^KuiJt in a variety of ways, however, either Viinou:. 
(i.) witli an outer frauiework of timber, or iron fails, hllofl with 
rublde or concrete; or (ii.) with mass concrete wliolly or in part ; or 
(iii.) with masonry or coiioroto outer walls, filled with dry rubble 
hearting or (iv.) wholly of concrete ]>Iocks. * 

Of these, (i.) is a cheap and useful form whore the water is 
shallow and the sMs not ho.'.v} * This type is often used for works 
of a somewhat^ temporary character. A -typical section of such a 
work is shown oh Fig. 252. ^ i 

Fig.^ 5353 shows a [)ier formed fX a iiiass f*f concrete behov low 
Vathr, tli'cn blocks up* to above high-waCer level, tln;n mas.^ concrete 
above- The fonmhitiob is aggregate grouted. 

Fig. 254 shows a sectioir of • (iii.) (Kilrusli Pier, built by 
Lieut.-Coloncl Jones, II. K.). 

The special advantages of (iv.) need not hero Ifc enumerated. It 
is obvious that the Jarger the blocks the bditer, an^l in rough 
weather the Vorkmeu maf be employ ed> in the constnutioii of 
blocks on shore, to’ be ready fot* depositioi>Avhen \veather permits. 
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The folV)'ving practical points should he attended to in oon- ^ 

, r-tr^nction * 

'J'hc facing stones should be uniform in size, truly bedded and Piai tiVal 
^ jointetl, aU intejrstices being Avell tilled with mo]*tar, and carefully 
bonded into the backing as the work proceeds. 


Ih‘ 



Tlie ho.irtii^^ should lx* free* froTn e.-^niby matter ; it shouldl m'vei’ 
be tiji[) 0 (l in(liscrimirij^t<‘ly. *1 .ong stones slnaild he laid lengUiwi.se, 
cjuid Itirge boulders slioiitd be r(‘y‘cted. • 

Tt. •lia.s been found that fine Avorkmanship on the fact', ot tie' 
inasoniy is a positTve disad vantag(\ There is iiolhing tt) he gamed, 
therefore^ by s])emling,m<mcy on extra dressing. Jh-ofe-^soi’ lomkirm, 
recommends “ hammer-dres.'^otl aslilar, or a block ifi-coinse, face, 
backed with couiiijMl rubbJv, ;)r Avith *.slcong <M)ncrcl»:, the a\ hole 
built in stron^g ^alratdie mortar, and the outer (‘dge- of tlie joints 
laid in cement.’^# 
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